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INTRODUCTION. 

LivMfQ beings have been frequently and in every age 
compared to machines, but it is only in the preaeut day 
tUat the bearing and the justice of this compariBon are fully 
comprehensible. 

No doubt, the physiologists of old discerned levers, pulleys, 
cordage, pumps, and valves in the animal organism, as in the 
machine. The working of all this machinery is called Animal 
Meekanici in a great number of standard treatises. But these 
passive organs have need of a motor ; it is life, it was said, 
which sot all these mochanisms going, and it was believed 
that thus there was authoritatively established an inviolable 
barrier between inanimate and animate machines. 

In our time it is at least necessary to seek another basis 
for such distinctions, because modem engineers have created 
machines which are much more legitimately to be compared 
to animated motors ; which, in fact, by means of a little com- 
bustible matter which thoy consume, supply the force requisite 
to animate a series of organs, and to make them execute the 
most various operations. 

The compoj-ison of animals with machines is not only legiti- 
mate, it is also extremely usefal from ditferent poiata of view. 
It fumiahea a valuable means of making the mechanical 
phenomena which occur in living beings understood, by 
placing them beside the similar but less generally known 
phenomena, which aie evident in the action of ordinary 
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machines. In the course of tlija book, wo shall frequontly 
borrow from pure mectiftiiioa_._tKe^'8yntbetical demon strati oeb 
of the plienomena of aninuH'-Iifo. The meclittuician, in hia 
turn, may derive uscfjif nVtrons from the study of nature, 
which will often ahoj«,fiJTilliowthe moat complicated proLlema 
may be solved witji. wlnirfable simplicity. 

Animal mechdiy^' is a wide field for exploration. To 
erery function^.so to speak, a special machinery is attiiched. 
The circwiiljoir'of the blood, tlio respiration, &b., may and 
ought/o'l^' treated separately, so that we shall limit this work 
to tlie'tfndy of one single, esaentiiUIy mechanical, function, 
loiBOVtMian in the various animals. 

''. If is easy to demonstrate the importance of such a aulijectas 
•Joiomotion, which, under its differeut forms, terrestrial, aquatic, 
and aerial, lias constantly excited interest. Whether man has 
endeavoured to utilize to the utmost his own motive poHer, 
and that of the animals ; whether he has thought to extend 
bis domain, to open a way for himself in the seas, or to riae 
into the air, it is always from nature that he has drawn his 
inspirations. Wo may hope that a deeper knowledge of tlie 
difiereut modes of animal locomotion will be a point of 
departure for fresh inveBtigationa, whence further progress 
will result. 

Every scientific research has a powerful attraction in itself; 
the hope of reaching the trutli sufiices to sustain those who 
pursue it, through all their efforts ; the contemplation of the 
laws of nature lias been a great and noble source of enjoy- 
ment to those who have discovered them. But to humaiiily, 
science is only the means, progress is the aim. If we can 
show that a study may lead to some useful application, we 
may induce many to pursue it, who would otherwise merely 
follow it from afar, with the interest of curiosity only. 
Without pretending to recapitulate here all that has been 
gained by the study of natuxe, we shall endeavour to sot 
forth what may be gained by studying it still further, and 
with more care. 

Terrestrial locomotion, that of man, and of the great mam- 
mals, for instance, is very imperfectly understood as yet. If 
we knew under what conditions the maximum of speed, force. 
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INTRODUCTION, 

or labour which the living beings can furnish, may he obtained, 
it would put an end to much discussion, and a great deal of 
conjecture, which is to be regretted. A generation < 
would not be condemned to certain militarj' eaerciaea which 
will be hereafter rejected as useless and ridiculous. One 
country would not crush its soldiers under ai 
load, while another considers that the best plan is to give 
them nothing to carry. We should know exactly at what 
pace an animal does the best service, whether he be required 
for speed, or for drawing loada ; and we should know what 
are the conditions of draught best adapted to the utilization 
cf the Btrength of animala. 

It is is this sense that progress ia being made ; but if we 
complain with reason of its slow advance, we must only 
blame our imperfect notion of the mechanism of locomotion. 
Let this study be perfected, and then useful applications of it 
will soon ensue. 

Man has been manifestly inspired by nature in the con- 
etruetion of the machinery of navigation. If the hull of 
the ship is, as it has been justly described, formed on the 
model of the aquatic fowl, if the sail has been copied from the 
wing of the swan inflated by the wind, and the oar from ita 
webbed foot as it strikes the water, these are but a small port 
of nature's loans to art. More than two hundred j'e[ 
Borelli, studying the stability and displacement of fish, traced 
the plan of a diving-ship constructed upon the same principle 
the formidable Monitors which made their appearance in 
le recent American war. 

In modern navigation the dynamic question still leaves 
aeveral points in obscurity. What form should be given to a. 
ship so as to secure its meeting with the least possible resist- 
the water? What propeDer -should be chosen in 
order to utilize the force of the machine to the beat adva 
tage ? The most competent men in such matters avow that 
these problems are too complex to admit of the conditio 
most favourable to the construction of ships being determined 
by calculation. Must we wait until empiricism, by dint of 
ruinous guesses, shall have taught us how a problen 
which nature offers 119 such diverse solutions, should be 
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Bolved ? lugeniouB constructors have already attempted to 
imitate llie natural propellers ; thoy have fitted up email boats 
with machiuory which works like the tail of a fish, oscillating 
with an alternate motion. And it hns been found that this 
apparatus, although still imperfect, already constitutes a. 
powerful propeller, which will perhaps be preferred hereafter , 
to ail those which have hitherto been used. 

Aerial locomotion has always excited the strongest curiosity 
among mankind. How frequently has the question been 
raised, whether man must always continue to envy the bird 
and the insect their wings ; whether be, too, may not one day 
travel tlirough the air, as ho now sails across tho ocean. 
Authorities in eclenco have declared at dilTerent periods, as 
the result of lengthy calculations, that tliis is a chimerical 
dream, but how many inventions have we seen realised which 
have also been pronoimced impossible, The truth is, that all 
intervention by mathematics is proraaturo, so long as tho 
study of nature and cxporimeiit have not furnished the precise 
data which alone can servo as a sound starting point for 
calculations of this kind. 

We shall then attempt to analyse the rapid acta which are 
produced in the flight of insects and of birds ; afterwards we 
shall endeavour to imitate nature, and we shall see, once 
more, that by seeking inspiration from her we have tho 
best chimce of solving the problems which she baa solved. 

We may even now affinn, that in the mechanical actions of I 
terrestrial, aquatic, and aerial locomotion, there is nothing, 
which can escape the methods of analysis at our disposal. 
Would it be impossible for us to reproduce a phcnomenoa 
which we understand? Wa will not carry our scepticism 
eo far. 

It was considered, for a long time that chemistry, all- 
powerful when it was a question of decomposing organic j 
substances, would always remain incapable of reproducing 
them. What has become of this disheartening prediction ? 

We hope that the reader who follows the experimental I 
researches detailed in this book will draw from them thia 1 
conviction, that many of the inipoBsibilitica of the present, 1 
need only a little time and much eilbrt to become realities. 



BOOK THE FIRST. 



I 



CHAPTER I. 

POHCES AND ORGANS. 

tttttoi in the inorganic kingdom and among organiaed Iwinga— Matter 
ravcala itself hj its properties — WTien matter acts, we concloda that 
forcas Bsiat— Multiplicity of forces formally admitted; tendency to 
tlieir rednctioQ to one force in the inorganic kingdom — Indestrnc- 
tibility of foroB ; jta transformations — Vital forces, their mnltiplicity 
according to the ancient phyaiologiata— SoTeral vital forces are 
reduced to physical forces— Ot laws ia physics and in phyaiology — 
General theory of physical foreos. 



We know matter only by its properties, 'which, we could not 
conceive of apart from matter. The word property does not 
to anything reiil ; it is ftE artifice of hiuguage ; thus, the 
espteBsiona, weight, heat, hardaeas, colour, itc, attiiliuted to 
various bodies ia nature, mean that these bodies manifest 
themselves to our senses by certain effects which have been 
made known to ua by daily experience. 

When matter acts, that is ta say, when it changes its state, 
tiiere occurs what we call a phenomenon, and by a new appli- 
cation of language we call the unknown cause which has 
produced this phenomenon. Force. A body which falls, 
river which flows, a fire which warms ua, the lightning which 
flashes, two bodies which combine, &c., all these correapond to 
mflnifestationB of forcea which we call gravity, mechanical 
force, heat, electricity, light, chemical affinities, &c. 

In the flrat ages of science the number of forces was almost 
inflnitely multiplied. Each particular phenomenon was i 
garded as the manifestation of a special force. But by degre 
■ecogniaed that divers manifestations might result from 
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a single cause ; and thenceforth the number of forces 
were admitted diminished cousiderably. 

Wuiglit and attraction were redurad to one and the same 
force by Newton, who recognised, in the falling of tlie apple 
to the ground, and the retention of the etar iu ita orbit, the 
effeota of an identical cause — universal gravitation. Amjifire 
reduced magnetism to a manifestation of electricity. Light 
and beat have long since been regarded aa manifestations of an 
identical force, an extremely rapid vibratory motion imparted 
to the ether. 

In our own time a grand conception has arisen, once more 
to change llie face of ecienee. All tlio forces of nature are 
reduced to one only. Force may assume any ap[)earanoe [ it 
becnmea, by turna, heat, mechanical work, electricity, light ; 
it gives rise to chemical combinations or decomposilions. 
Oocasionaliy, force eeema to disappear, but it has only bidden 
itself; we can find it again in its entirety, and make it pasa 
anew tbrougb the cycle of ita transfonnationa. 

Force, which is inseparable from matter, is, like it, inde- 
structible, and to both tlie absolute principle, tliat in nature 
notliing ifl created and nothing ia destroyed, is applicable. 

Before we enter upou a detailed exposition of this great 
conception of the conaervation of force and its transformations 
iu the iuorganio world, let us see whether any analogous 
generalisation has been arrived at in the science of organised 
bodies. 

The living being, in its manifestations of sensibility, intelli- 
gence, and spontaneity, shows itself to be so difl'erent from 
the inert and passive bodies of inorganic nature ; the genera- 
tion and the evolution of animals are so peculiar to tliem- 
selves ; that the earliest observers traced an absolute boundary 
between the two kingdoms of nature. 

Particular forces were imagined, to which each of the 
normal phenomena of life was attributed, while others, like 
malignant genii, presided over the jiroduction of the maladiea 
by which everything that has life may be attacked. 

The complexity of the phenomena of life hindered observers 
for a long time fiom discerning tlie link which united them, 
and prevented their referring to one and the same cause theae 
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jennifold effects, and thus reducing ike number of forces 
Vliiuli had at first beeu admitted. Man ended by taking 
the fictions of liia imagination for realities. Little by little, 
the charm of the unintelligible exercising fascination over 
him, be at l^ist denied tlmt physical laws had any in- 
fluence upon living beings. This extravagant myaticiam 
represented certain animida as capable of withdrawing them- 
selves from the influences of weight ; according to it, animal 
heat was of another essence than that of our hearths ; subtle 
and impalpable spirits circulated in the vessels and the nerves. 

Time has not even yet disposed of all these absurdities; 
but we can prove that the science of life tends at present 
to undergo a transformation aa complete as that of the phy- 
sical sciences, whose development we have just sketched. 
Physiology, guided by experience, seeks and finds the physical 
forces in a great number of vital phenomena ; every day sees 
an increase in the number of eases to which we can apply 
the ordinary laws of nature. That which escapes them 
remains for us the unknown, but no longer the unknowable. 
Among the phenomena of life, those which are intelligible 
to us are precisely of the physical or mechanical order. 

In the living organism we shall find those manifestations 
of force which are called heat, mechanical action, electricity, 
light, chemical action j we shall see these forces transforming 
themselves one into the other, but we must not hope to arrive 
immediately at the numerical determination of the laws which 
regulate the transformations of these forces. The animal 
organism does not lend itself to exact measurements, its com- 
plexity is too great for valuations, to which physicists attain 
with great diiHculty by making use of the simplest machines. 

Each science, according to its degree of complexity, is 
approaching more or less surely to the mathematical precision 
at which it must arrive sooner or later. A law is only the 
determination of numerical relations between diflerent phe- 
nomena ; there is then no perfect physiological law. In tlie 
phenomena of life it is scarcely possible to determine and to 
foresee anything except the manner in which the variation will 
be produced. Hitherto, the physiologist has reached only that 
degree of knowledge width tho astronomer would possess, who 



knew, for instancs, that the attraction between two heavnnly 
bodies diminishes when tlieir distance incTeases, but who had 
not.yet determined tiio law cf inverse proportionality to tho 
square of distances. Or, be is like the physicist who has proved 
that compresaed gases diminish in volume, but who has not 
found the numerical relation between their volume and the 

ir, there are numerical relations 
between the phenomuna of life ; and wo shall arriva at tho 
discovery of them more or less speedily, according to the 
exactitude of the methods of investigation to which we have 
recourse. 

If physicists had limited themselves to establishing that 
bodies dilata as they become heated, and if tliey had not 
sought to measure the temperature of those bodies and tho 
volume which they assume with each variation of the tompor- 
ature, they would have had only an imperfect idea of the 
phenomena of the dilatation of bodies by heat. For a long 
time physiologists confined themselves to pointing out that 
euoh or such an influence augments or diminishes tlie force of 
the muscles, causes the rapidity of their motions to vary, 
increases or diminishes sensibility and motive power. Science, 
in our time, has become more exacting, and already the 
rigorous determination of the intensity and duration of certain 
acts, of the form of difTeront movements, of tho relations of 
succession between two or several phenomena, the precise 
estimation of the rapidity of the blood, or of the transference 
of the sensitive or motive nervous agent ; all these exact 
measures introduced into i;)hyaiology, lead us to hope that 
iiom more scrupulous measurement better formulated laws 
will soon result. 

In the comparison which we are about to make between 
the physical forces and those which animate the animal 
organism, we shall take it for granted that the fundamental 
notions recently introduced into science, and by which all those 
forces tend to reduce themselves to one only, that whicli 
engenders motion, are known; and shall, therefore, confine 
ourselves to a rapid skotcli of the new theory. 

The value of a theory depends on the number of the facts 
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^^^nrhicU it embraces ; that of the unity of the physical forces 
^^^tends to absorb them all. From tlie invisible atom to tlie oelea- 
tial body lost in space, everything is subject to motion. Every- 
thing gravitates in an immense or in an icfiaitely little orbit. 
Kept at a, definite distauce one from the other, in proportion 
to the motion which animates them, the molecules present 
constant relations, which they lose only by the addition or the 
subtraction of a certoin quantity of motion. In gensral, 
increase of motion enlarges the orbit of the molecules, and 
widening their distance from eacli other, increases the volume 
of the bodies. By this rule, heat is proved to be a 
source of motion. Under its influence the molecules, becom- 
ing more and more separated, cause bodies to pasa irom 
solid to liquid, and then to a gaseous state. These 
gases become indefinitely dilated by the adiiition of fresh 
quantities of heat. But that force which lends estreme 
rapidity to the motion of the molecules, that force vphich is 
admitted in theory is rendered tangible by experiment ; its 
intensity is measured by opposing to the dilatation of a body 
on obstacle vphich it will have to surmount. Thus it is that 
the moieoules of gases or v.ipoiirB imprisoned in the cylinder 
of machines, communicate to the partitions and to the piston 
the pressure which is employed in producing action by 
machinery. TItis mechanical action is, in its turn, trans- 
formed into heat if the conditions of the experiment be re- 
versed ; if, for example, an external force, thrusting back 
the piston of an air-pump, restrains the molecular motions by 
violent compression. 

The new theory has thrown lig;ht upon certain hypotheses, 
those, among others, which claimed admission for the latent 
heat of fusion, or of vaporisation of bodies, the latent heat of 
dilatation of gases. It has suppressed others ; for instance, 
the discovery of atmospheric pressure has banished the 
hypothesis which has now become ridiculous, that nature 
abhors a vacuum. 

Although the theory accommodates itself with less ease to 

I the interpretations of luminous and electric phenomena, it 
■dmits, according to the great analog-y between these phe- 
Komena and heat, of supposing that tliey themselves are only 
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maaifostations of motion. Besides, tlie traosfiirmattuu of 
motiou into heat, into etectricity, into light, may be proved 
experimentally. 

Vig. 1 lepresenta the details of the experiment. 





Fio. I.— Sbowli 



Yarioue instruments are so arranged upon a table that an 
eloctrio current, engendered by a battery 1', may be made to 
pass through them.* The current is conducted in an elliptic 
circuit, on a smull square board, ropreeented in the centre of 
the figure. This circuit is formed of a thick copper wire ; 
at certain points this wire is iufarrupted and dipped into 
oupB of mercury, from which other wires communicate with 
the various apparatus through which the current is to be con- 
ducted. In Fig. 1, the metallic bridges 1, 2, S, 4, 5, connect 
the cups of mercury, and form a complete circuit, wliich the 
current may traverse without passing through tlie various 
apparatus placed around it. 

If we take away loop No. I, the current which passed 
through that loop is forced to traverse the elUiitical circuit 
without passing through the surrounding apparatus. But if we 

* Inatead of tlie siiiBlo oleinsnt repraaiinted in tlw Fijjnre, it is naeefBary 
tu employ a serioe ol Buoseii'e cells, to lealise the oiperiuieiitB perTectlj. 
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afterwards remoTe loop No. 2, the current must traverse tlie 
apparatus M, wiiich ia an electro- magnetic motor. This appa- 
ratus will begiu to move and will produce mechanical action. 

Let us at the same time remove loop No. 3, the current 
must also traverae a registering tliermometer. [That 
instrument is constructed as follows. It is a sort of Reiss' 
thermometer, formed of a spiral of platinum, which the current 
traverses, and which is conducted into a flask fidl of air. 
Under the influence of the heating of the spiral by the current 
which traverses it, the air in the bottle dilates, and passes, 
through a long tube, into the registering apparatus. The 
Ir.tter ifl composed of a drum of metal, closed on the upper 
side by a membrane of india-rubber. When the air pene- 
trates into the drum, the membrane swells, and lifts up a 
registering lever, which traces on a. turning cylinder E, a curve 
whose elevations and depressions correspond with the rise and 
fall of the temperature.] 

By removing loop No, 4, we force the current to traverse 
an apparatus L, with carbon points, in which electricity 
gives birth to the bright light with which every one ia 
acquainted. When it passes through the voltameter V, the 
current produces decomposition of the water. The intensity 
of the current is measured by the quantity of water decom- 
posed, i.e., by the volumes of hydrogen and oxygen which 



We see, in the first place, by means of this apparatus, 
that electricity can become successively mechanical work in the 
motor JI, heat in the spiral of the thermometer T, light 
between the carbon points L, ojid chemical action in the 
voltameter V. 

But we also recognise that the electricity which undergoes 
one of those metamorphoses is taken away from the current 
whose energy is thua diminished. If, for example, we make 
the motor M work, we shall see that the register marks a 
diminution of heat in the thermometer. If we stop the 
electro-magnetic motor with the hand, an increase in tlie 
temperature becomes immediately ajiparent j the registered 

When the electro-magnetic motor ia working, we see the 
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intensity of tbe li^ht diminiali, nnd tlie dprom position e£m 
the water iu the voltameter grow less. All tlieso phenomenail 
reauine their pristine ener^'y as euon as we suppress thaj 
production of mechanical action. 

During this time, all the force expended in these varionf J 
forma of apparatus is diseogiigod from the battery under thftl 
influence of a chemical action-, the transformation of a eerta' 
quantity of zino into sulphate of ziuc. Thus, In tlie fumao^ 
of a steam engine, the comhustion of the cool, that is to say, 
the oxidation wliich traoBforms carbon into carbonic acid 
disengages heat, which is afterwards converted into work. 

But this force, disengaged from bodies, was contained in 
them when the iriuc viae in' the condition nf metal, and the 
carbon in the slate of coal ; tlieae bodies liad employed in 
their formation the same quantity of force which they 
have yielded up in paaaing into another condition. Thus it 
would be necessary to restore to the sulphate of zino and to 
the carbonic acid as muclt electricity or heat as they have 
thrown out, in order to reproduce the metullio zino or tho 
carbon in n pure state. 

According to the modcTu theory, force which manifests 
itself at a given momeut is not created, but only rendered 
sensible, from being latent. 

Here in tmt'wn is that potential force, which, stored up in 
a body, waits the opportunity to manifest itself. Thus a 
ttretched spring will at the end of an indefinite time give back 
the force which has been used to stretch it ; and a weight, 
lifted to a certain height, will restore, the instant it IkUi, 
the woi-k that hue been em^jloyed upon raising it. 
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CHAPTER II. 

TEANSFORMATION OF PHYSICAL F0ECE9. 

I prove thfl indeatraotibilitj' of forces, wa must tnow how lo mensllie 
lliom— Units of heat and of mecLimical work — Thccnio-ilyunniitB — 
MoasoTB of forces in liring beinga— Snceessivo pliaaea of tbe trans- 
fotmntion of bodies* sneccasive throwing oif of forco under this iufla- 
ence — Thermo-dynamics up^ilied to living beinga. 

We have just seen that force, in the different states which 
It presents, may he now lateut, or potential, or again in action, 
pin the form of heat, electricity, or mechanical activity. 

To follow this force through all its different transformations, 
to establish that no portion of it is lost, a means of measuring 
it under all its forms is necessary. The chemist can prove 
the indestructibility of matter, by showing, with a balance, 
that a gramme of matter will preserve its weight through all 
the changes of condition that can be imposed upon it. Let 
tliut matter be weighed in the liq^uid state, in the solid state, 
or in the gaaeoiis state, the weight of a gramme will always 
be found under the most various volumes and aspects. 

A measure is then necessary for the different manifestations 
_ of force. Every quantity of heat, of electricity, or of mechani- 
I work ought to be compared with a. particular unit, as every 
toeight ought to be compared with the unit of weight. 

Unit of heat. The sensations of heat and cold whicli we 
experience at the contact of different bodies do not correspond 
with the quantity of heat which those bodies contain. Ther- 
mometrical a])paratuB are not in a condition to give us the 
measure of the quantities of heat, since different bodies, 
presenting to our senses and by the thermometer the same 
temperature, may yield very unequal quantities of heat. But, 
to warm the same weight of a tody to the same number of 
degrees, tbe same quantity of heat will always be necessary. 

Now, according to tlie agreement wliich has been come to 
in France and in many other countries, tlie unit of heat or 
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calorie ia tlio ijiinntity of heat necessnry to raise a kilogramTii 
of water from zero to one de-gree centig^rade. 

Unit of work, Met'hunical force has been aucurately de;' 
fined only aiuue the uotion of work has been iiitrodinwd ii 
science. The unit of mecihanical vork admitted in Fru 
is thfe ItUnffrainmelre ; that is to say, the force Dcceseary t 
ruiae the unit of weight — the kilogratnni« — to the unit < 
height, the metre. 

IJIectric force is measured by one of its effects, the decom 
position of water, for it is domonstratei^ that to decomj^Kii 
(he same volume of water the aame quantity of electricity wiU'l 
always be requiaite. 

These measures of forces in action fiirniah, in their turn, 1 
the means of estimating: the quantity of potential furos c 
tained in a body. Thus, it will bo demonstrated tliat i 
kilogramme of roal, and in the quantity of oxygen neceawity 
to transform that coal into carbonic acid, there were in tension 
70UO units of heat, aince by combiuiug all the heat di» 
gaged by conibuation, a mass of water of TOGO kilogrammea _ 
shall have ]>een heated. 

But a aubatance which 'bums ia not always completelyfl 
osidized ; hence, it does not put in action the totality of thftV 
tuTisa which it contained in t«nsion. A kilogramme of carbon^ | 
for exuuiple, may undergo only a first degree of oxidation, a 
thus becoming OKide of carbon it yields only 6000 units t 
heat. This oxide of carbon burning in its turn, and becoming 
carbonic aoid, will then yield only the remaining 2000 unitS'l 
of heat. 

Tranaformation of phyeical forces takes place, as we haTB'l 
said, without any losa of the transformed force. To demon-ST 
etrate this, it must be proved that a certain number of u 
of lieat tranaformed Into worlc, will furnish a conatant numbeB^ 
of kilogrammetres, and inversely, that this work in I 
heat again, will reatore the primitive number of units of hes 

The science which explains the relations between heat a 
mechanical work, and fixes the value of the mechanical fgiiivi 
of heat i* called lliermu-dijiiamict. This conception, which i 
Uie complement of the theory of the tranaformation of forces,! 
and which proves that in their truusforniatiun tliey ." 
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nothing of tlieir value, is justly conaiilered the most remarkalile 
of modem times. 

Partly aeea by Sadi-Camot, clearly formulated by R. Mayer, 
demonstrated brilliantly by tbe experiments of Joule, tbe 
notion of the equivalence of forces is now adraittad by all 
physiciBts. Each day furnishes a freah confinnation of this 
doctrine, and leads to greater precision in the determinatioa of 
the mechanical equivalent of heat. The value tion' generally 
admitted for that equivalent is 425, that is to say, that work 
equal to 42d kilogram metres must be transformed into heat 
to obtain a unit, and inversely, that the heat capable of heat- 
ing to one degree one kilogramme of water at zero, if it be 
transformed into work, can, in its turn, lift a weight of 425 
kilogrammes one metre.* 

Cut one restriction must be placed upon the estimation 
of tliormo-dynamic transformations. Carnot suspected, and 
Clausius had dearly established that in tbe case of heat being 
employed to produce work, the heat cannot transform itself 
altogether, and that the greafor part remains still in the state 
of heat; while in the inverse operation the whole of the work 
applied to that effect may be transformed into heat. This 
does not exclude the law of equivalence, of which we have 
just spoken j for if it be true that, in a steam engine for 
instance, there is only to be found under the form of work a 
amall quantity, about 12° of tlie heat produced by the fur- 
nace, it is no less true that the quantity of heat which has 
disajipeared furnishes in work the exact number of kilo- 
gram metres which corresponds to its mechanical equivalent. 

These notions had no sooner been introduced into science 
than the physiologists endeavoured to use them for tbe 
clearing up of the obscure question of heat and work pro- 
duced by animals. The assimilation of living beings to 
thermal machines was already in the state of vague con- 
ception. We shall see what light has been thrown upon it 
~}y the new theory. 



■ Some experimfntB made by Regnault on tlie rapEdity of sound, and 
OQ tlie expunaion of gases, give as tha true value of the equivalent the 
namber 439. 
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Wfthnve anid that forces are produced within the organism. 
All living beinga give out lieat and produce wurk. The 
diEeiif^tigement of these foTcee is caused by the chemical 
trunsforui alien of food. 

In the living being it ia possible to measure approximately 
the quantities of heat and n'ork produced, and even to eatimatB 
the quantity of force contained in food ; in order to do this 
it is Bufhcient to apply tJie methods which physicists have 
employed in the estiination of inorganic forces. 

Thus, a man plac«d for nonie time in a bath will yield to 
the water a certain number of units of beat, which may be 
easily measured. Applied to the moving of a machine, the 
force of a man or an animal will produce a number of kilo- 
grammotres no lees easily to be measured. If the aliment be 
subjected to the experiments which determine the hoating 
power of different combustibles, it will be found that each of 
tliem contains a certain quantity of potential force, Favre and 
Silbermann have supplied most valuable information, attained 
by great labour, on this point; and Frankland has continued 
tlieir inveetigatiimg. Wo now know the calorific power of 
almost all the alimentary subHtances, it is, therefore, possible 
to calculate what free force their complete oxidation will yield 
either under the form of heat or under the form of work. 

But, OS we have seen witli respect to combustibles employed 
for industrial purposes, the oxidation is not always complete. 
Coal partially consumed, gives solid or gaa^ous residuee, 
such as coke and oxide of carbon, which, being oxidized m 
a more complete manner, furnish a certain quantity of heat. 
In the same way, the residues of digestion still contain i 
disengaged force. All those forces ought to be estimated if 
we want to know how much of their force in tension has been 
lost by the alimentary matters in passing through the organism, 
and bow much ought consequently to be found again under 
tlie form of force in action. The urinary secretion also elimi- 
nates incompletely transformed products ; the urea and the 
iiric acid contain force in tension, which ought to be taken 
into account in calculations. 

Tlie watery vapour which saturates the air as it cornea out 
of the lungs removes from tlie organism and cunies away with 
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a certaia quantity of heat ; the same thing taltes place in the 
boiler of a stQam -engine, as well as in cutaneous evaporation. 

This complication in the measure of force among organined 
beings showB what dilKculties await those who are en- 
deavouring to verify the principles of thermo- dynamics in 
animiils ; yet, nevertheless, it would be illogical to admit with- 
out proof that, in living beings, the physical forces do not 
obey natural laws. Several savants, firmly convinced of the 
generality of the laws of themio -dynamics, have attempted to 
k demonstrate them iipon the animal organism. 
' J. Beclard was the first who endeavoured to prove that in 
the muscles of man heat may be substituted for mechanical 
work, and vies vert&. For this purpose he examined the 
therm omctrical temperature of two muscles, both of which 
contracted, but one worked, that is to say, raised weights, while 
the other did not work. It might have been expected that less 
heat would have been found in the first muscle, because a 
portion of the heat produced during its contraction ought to 
liave been transformed into work. 

The idea which governed Beclard's experiments was 
assuredly correct, but the means at bis diajwsal for ascer- 
taining the heating of the muscles were altogether insufflcieut. 
A tliermometer was applied to the skin at the level of 
the muscle, in order to give the measure of the heat pro- 
duced; thus the variations of temperature obtained by Beclard 
according ae the muscle worked or not, were so slight that no 
real value could be attached to tLem. 

Herdeuheim obtained clearer results by operating upon 
frogs' muscles, which he made to contract with or without the 
production of work, ascertaining their temperature by meaus 
of thermo-electric apparatus. 

Hirn was bolder iu his experiments, for he sought to deter- 
mine the equivalent of mechanical work in animated motors. 

In order to make Hirn'a experiment comprehensible, let us 
consider the simpler case of a mechanician desiring to establish 
tiie thermal equivalent of the work of a steam engine, knowing 
how much fuel it has burned, what heat has been given out, 
and wliat quantity of work has been produced. 

First, he will estimate the Ueat which should correspond 
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vitlx tbe combustion of the cool wlu(?h he hae biiriK^d ; he t 
prove that the heut which he has obtained is lesa than this, 
which is made evident by the diaappetirance of a. certain 
number of units ; this disappearance he will attribute to the 
trausfoiination of heat into work. Now as lie knows the 
number of kilogrsmmetros produrod by the macliitie, he wiU 
only huve to divide this number by that of tlie units of heut 
which have dianiijieared, in order to find the number of 
I Iciiofiframmetres et^uivalent to each of them. 

Him believed that the coml)ustion efTeLitod, the heat given 

' cut, and the mechanioal work produced by a man could ha 

estimated at the same time. He enclosed the sulnect in a 

hermetioally closed chamber, and made him turn a wheel 

which could, nt choice, revolve with or without doing work. 

Tlie uir of the chamlier being analysed, showed what 
quantity of curbouic acid had been given out ; from thence 
were deduced the combuBtion produced and the number of 
units of heat to which that combustion ought to have oorre< 
eponded. 
*The best given out in the oh^mber was ascertained by tlie 
ordinary calorimetric processoa ; it was, in proitortion to the 
work produced, sensibly inferior to that which ought to 
have been found according to the quantity of carbonic acid 
exhaled. 

This diHappeuratice of a certain number of units of heat 
was explained by their transformation into mcchaiiiciLl work. 

From ihese experiments Ilim deduced a valuation of the i 
mechanical equivalent of heat for animated motors ; but the ' 
number which he obtained difTered considerably from that 
which has been established by pliysicists. This difference is ia j 
no wise surprising when we think of all the causes of error 
which axe united in such an experiment. There may liave been ' 
an error concerning the quantity of carbonic acid exhaled ; 
error concerning' the nature of the chemical actions whiclt . 
disengaged this carbonic acid, and therefore respecting the 
quuntity of heat which ought to have accompanied the disen- 
gagement; an error in the estimation of the beat diffused ' 
through the calorimetric ciiamber; finally, an error ns to the | 
quantity of mechanical work produced by the subject. 
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fact, while it ia . relatively easy to estimate the work of our 
muscles when employed in lifting a burden, there ate other 
muscular actions which constitute an important sum of work 
and which we do not yet kaow how to value with precision ; 
we allude to the movementa of the circulation, and especially 
to those produced by the breathing apparatus. 

The remarks which we have made upon the greater number 
of the physiological experiments from which it has been sought 
to establish numerical data, apply to that of Him. But 
though it cannot furnish an exact determination, this ex- 
periment at least enables us to perceive the manner in which 
the phenomena vary ; it shows that a certain quantity of heat 
always disappears from the organism when external work 
is produced. No greater precision could be obtained iu the 
f thermo-dynaraic txanslbrmation in the greater 

mber of steam -eugines, and yet nobody disputes that in 
' these motors heat aad work ore substituted for one another in 
equivalent relations. 
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CHAPTEE III. 

ON ANIMAL HEAT. 

■igin of[in[inttl lioat— Lavoisiet'B theory— Tho parfcctingof this tlieoiy 
— JCatLUiatc^a of the Saccea contaiQeil in. nlimenta, and in the SGCreteil 
prMluctB— Dillicultj of tbeae estimatos— The forte yieldail Ijy ftli- 
mentary substojioes ia tranaforined partly into heat auil partly into 
work. — Bent of cooibuBtion in the organiHtn— Hoating of the glands 
and raiisdea duriiig their ftmetions — Boat ot calorification — Intarveu- 
tion of the wnsea of coolirfi— Amtnal temperature— Automatic regu- 
lator of ouimul tem;>erBture. 

DoKiKo a long period, animal heat was considered to be of 
a peculiar kind, distinct &om that which is manifested ia the 
inorganic klugdom; tbis arose from certain conditions under 
which the living tissues become hot or cold, witliout its 
being easy to discover how tliis heat appears, or how it 
disappears. It was almost natural to admit that beat is 
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cnniiGcted with influeuces of nervous origin, wlifin it was 
Sden tliat cerluin viuleut emotions produce icy coldneBS in 
human beinga, wliereae others briug into the countenance 
Budden lieiit. Now all these fucts liave found au esplntiatioa 
in whioh there is nothing to infringe tlie ordinary laws of 
physics. In order to comprehend them thoroughly we must 
JIMS under oiir review the production of heat and its dls- 
triliutiou throughout the various parts of the organism. 

It has long since been established that aliment is indis- 
pensable in the living being for the production of lieat, as well 
as at nius<;ulur [wwer. Inanition, at the same time tliiit it 
reduces the strength of the animal, produces profound cold 
in it. We owe to the geniue of Lavoisier the comparison 
of the living orgauiRm to a grate whioh burns or incesaautly 
Qxidizti substances taken from witliout, by horrowing from 
the atmosphere the oxygen re'iiiisite for these transfunna- 
tiona. 'I'liis tlieory has triumphed over all the atlacks which 
have been made upon it, aud tJieIr only result has been the 
perfecting of its details. 

Let us reduce to its true proportions the comparison of the 
living OTgauism with a burning' grate. In both, an oxidable 
matter finds itself j'laced in relation with oxygen ; but while, 
in a grate, the natunil gas comes in contact with the com- 
bustible previously raised to an elevated temperature, in the 
organism the gas dissolved in the blood comes in contact with 
matoriuU which are themselves dissolved in that liquid, or 
which have deejily entered into the tissue of the organs. 
TliUB, the circulation transports into every pnrt of the 
organism the eloTnenta which are necessary to the disengage- 
ment of force. These bodies remain in contact, without acting 
one upon the other, until the moment arrives when a specitiu 
action bi'ings about their combination. This olUce, analogous 
to that of tlie spark which tindlea the flame, or to that of 
tlie cup which dischitrges gunpowder, belongs to the nervous 

When the oxidation is at an end, and the forces necessary 
to tlie functions have been set at liberty, there reuinln in tlie 
tisHuee certain products which have become iiscless, and which 
may be compared to the aahee in the grate and to the gases 
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f which go up the chimney; Theao proiliiPts rrmat be elimi- 
nated. Again, the circulation undertakes this office ; tlie 
blood dissolves the carhoaic acid and the aalta which are the 
ultimate products of organic oxidation, and then earriea 
them, in its perpetual course, to the eliminating organs, the 
lungs and the glands. 

So loug as it remained unsuspected that heat and mechanical 
work could be substituted for each other, an attempt Wiia 
made to account for all tlie combustions which take place 
in the living organism, by eatimating the quantity of heat 
discharged by an animal in a given time. Physicists and 
physiologists made great efforts to determine this illusory 
equality between the theoretical heat, ishich corresponded 
with the combustions which take phtce in the organism, and 
the quantity of heat furnished by the animal under experi- 

Jiist as a machine, when it is working, furnishes less heat 
to the calorimeter than would be given out by a simple grate 
•onsuming the same quantity of comhuatible matter, ho the 
living beiDg gives out loss heat in proportion as it executes 
more mechanical work. We have seen, by llirn's esperimenta, 
that it is solely according to the difference which exists 
between the heat experimentally obtained and that theo- 
retically estimated, that we now endeavour to hud the value 
of the equivalent of meolianical work in living beings. 

Whatever may be the varied manifestationa of force in the 
organism, a certain portion of that force always appears 
under the form of heat, and this it is which gives to animals 
a, higher temperature than that of the medium in which they 

May we not, by ascertaining the temperature of Ihe different 
ft parts of the body of the animal, discover the points at which 
formed, and defiiie the actual seat of those com- 
liiustions of which we establish only the distant results ? 

low demonstrated that the lungs, by which the oxygen 

Pof the air penetrates into the organism, are not the seat o{ 

combustion, because the blood which comes out of that organ 

is, in general, colder than that which has gone into it. If 

two thermometers or thermo metrical needles be introduced 
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the lienrt of an animal, in order to aacertain the tempe- 
rature of tliB blood which is returning througli all the veins 
of the body into the right caTitiea, and that of the blood which 
in coming into the lel't cavities frota the lungs, we find that 
the blood of the right-hand side of the lieort is the warmer ; 
BO tliat it followH that heat ia principally produwid along the 
Oourite of the gi'eat circulation. 

If we would more particulEtrly localize the origin of heat, 
we muat tuie a special orgitn and investigato, in a com- 
parative manner, the temperature of the blood which comes 
to it through the artoriea, and goes ont of it through the 
Teins, Tlius it has been retognined that the muscles, in 
action, and the glands while they are secreting, are organs 
I for the production of heat ; and in them the most enerj^tiu 
cliemical action takes place. 

Hut we muat not expect, when examining all tlie muscles or 
all the glands at the moment of their action, to liud an un- 
varying elevation in the temiwrature of their venous blood. 
A third element enters into the protiluni ; it is the loss of 
heat which takes place while tlie blood is passing tlirnugh the 
organ. Now, all portions of the body are not equally sub- 
jected to loss of heat ; tlie most superficial are tlie most 
exposed to them, while the deeper organs are sheltered 
against the cauHes of cold.* Under these conditions every dis- 
engagement of heat in the glands ought to be represented by 
an elevation of temperature in the venous blood. If, on the 
contrary, we lay tho sublingual gland bare, in cold weather, 
and investigate the temperatiire of the blood in the veins of 
that gland, we shall find the blood colder tliau that which 
has entered through the arteries. Must wo conclude from 
thence that there has been no diHengagement of heat in that 
gland ? In no wise. We must aimiily admit that the loss 

iof beat has exceeded its production. 
In short, heat appears to lie produced in all the organs, 
but in varioua degrees, according to the intensity of the 
In t 



Whm wo wish to flBcerlnin the inorpHse of tempprafnrB of the Hood 
In the ^IbikIs, wo muat choose, for this iovpHli^juliun, Ilia hlond of ths 
of the liver or the kidncye, orgaos sheltered from cooling iaflueaces. 
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Dhemical action ^hioh takes place in them. The temperatura 
of an orgaa necessarily resulte from the heat supplied to it 
hj the blood, from that whicli hae been produi«d in its 
interior, and from that which it has lost. Thus it is that 
certain vejna, those of the limbs, for example, bring' hack 
blood colder than that of the corresponding arteries ; whilst 
others, like the aub-hepatic veiue which leave the liver, bring 
back blood warmer than that which has entered the hepatic 
gland. In fact, aftor all compensations are made, the heated 
venous blood predominates in the living organism over the 
cooled blood ; so that it re-enters the heart 1 ^° wanner than 
when it came out of it. 

This leads us to study the question of the temperature of 
animals. 

Among the different animal species, some, while producing 
heat, are subject to the variations of the surrounding tem- 
perature, so tliat they have been called cold blooded. They are 
now called animals of variable temperature, which is more 
exact. As for the animals called tcann blooded, they possess 
.gnlar projierty of having the blood in the deeper 
portions of their bodies almost always at the same tempera- 
ture, notwithstanding the variations of the external heat. 
Thus, a man, sailing from tiie polar regions to the equator, 
may be subject, in a few weeks, to changes of 30° in the 
surrounding temperature, but his blood remains at about 



It is easy to understand that in the midst of incessant 
Tariations in the production of heat inside the organism, 
and of. the no less great variations in the causes of its 
waste, such uniformity can only be obtained by means of a 
regulator of the temperature. We shall now proceed to certain 
developments of the wonderful functions of the I'egulatot of 
the animal temperature. 

Human industry has often found it difficult to provide fixed^ 
temperatures, or at least to counterbalance the causes of ex- 
cessive heat and cold. A hot-liouse must neither fall below, 
nor rise above a certain temperature. But this problem is 
relatively a simple one ; the hot-house is always wanner 
than the external air ; it can only be subjected to more or less 
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1 iritfltise caHSCB of cooling, which may be componRHted by a. 
eiiititble variation of heat. Btuiseu'a rcgululor boIvoh tliia 
problem eatiatacttirily, by regulating the supply of gas which 

' eorvcB as a. combustible, augmentiDg it if the incloaetl air 
teuda to grow oold, diniinishiDg it in the ojiposite cose. 

In the animal economy, two orders of influences tend in- 
cessantly to cause variation of temperature in its production 
and in its expenditure. Causen of loss of temperature exist, 
as in the instance just mentioned. The temperature of the 

, surrounding air, against which our clothing protects us more 
or less efiicientjy, on the one hand, and tlie more or less 
easy evaporation by means of cutaneous perspiration, accord- 

' ing to the by gro metrical state of tlie atmosjihere on the 

I other; the action of the wind, or of air-currunis ; the tem- 
perature of the baths which we take, all these different 
cuusea tend to increase or diniiiiisli the waste of heat to 
which the body is subject. To these iullucnces must be added 
those of tlie hot or cold food which wo eat ; of the hot or 
cold air introduced into our lungs by respiration, &o. All 
these constitute in general the causes of loss of lieat. 

Aaother variable element in the cstahlishmeut of the 
animal temperature is the production of heat which takes 
place in the interior of the organism, and wtiich, as well as 
its loss, varies under numerous influences. The aliments of 
which we partake, act, through their nature and <iuttutity, on 
this production of internal Jieat; the activity of the glands 

I causes a discharge of caloric ; and the case is the same with 
respect to musculAr action, which cannot bo produced without 
the lieating of the muscle. 

It is true that within certain limits our senEes warn ua to 
restrict the produclion of heat, or to promote it, according OB 
external influences diminish or augment its waste. Tlius, 
the amount of food taken varies with climale, so that tlie en- 

[ forced sobriety of tlio dweller in hot countries has no raiton 

\ d'Slre in cold ones. Obligatory idleness during the lieat 
of the day under a burning sky is one manner of diminishing 
the production of heat ; the Northmen, on the contrary, en- 
deavour to compensate, by muscular activity, for the cold to 
which they are subjected. 
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But these are not the true regulators of the Bnimnl 
temperature. Our will oomtnaiida all those ectiona whose 
influence may be favourable to the regulation of our tempe- 
rature ; but, in general, Nature, in order to secure the indis- 
pensable functions of life, remoTea thein from the control of 
our will. It ia in an automatic apparatus that we shall find 
the real regulator of temperature. 

This apparatus must obey external and internal influences 
at the eame time, it must retain heat when it tends to be 
diaaipated too rapidly, and, on the otlier hand, it must facili- 
tate its decrease when it is produced too abundantly within 
the organism. 

This double end is achieved by a property of the circu- 
latory system : the blood vessels, animated by cer^'es whose 
action has been revealed by M, CI, Bernard, close under the 
influence of cold, and open under the efl'ect of heat. This 
property regulates the course of the blood in each of the 
organs, and at the same time the temperature throughout the 
entire economy. 

Let us take an animal which has just been killed ; the 
circulation of the blood is stopped, and with it all the 
functions. This animal, if plated in a low temperature, 
becomes cold. According to physical laws, the extromitiea of 
the limbs and the surface of the body will lose heat in the 
first instance, while the central portions will still remain, very 
hot, being aheltored by the more superflcfal layers againat the 
causes of loss of heat. This corpse will resemble an inert 
body wliitih has been heated, and is growing cold. The cir- 
culation of the blood opposes itself, during life, to the 
unequal partition of heat over the various points of the 
organism ; bringing the arterial blood, at a temperature 
of nearly 38° (centigrade), to the superficial portions, it warms 
them when the external temperature teuds to chiU them. On 
the other hand, if, in the liviug animal, the production of 
heat hoa been augmented, the circulation opposes the inde- 
finite heating of the central regions of the body ; it brings 
.that beat to the surface, where it is lost in contact with the 
|^6xternal colder medium. 

The effect of the circulation of the blood is therefore to 
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render tlie temperature of the organifim tmiform. But this 
uniformity is never complete; in fuct, except iu the caee of the 
auimal'e beiog in a Tapour l:>ath at 3Q°, and losing none of 
ita Iient, the aurfuoe of the body ia always cnliler than tha 
interior, but no ill effect ia produced by the chill, which does 
not act upon the esseatial organs. 

If the circulation of the blood were of c<]ualewiftiieas in every 
part, such a uuifonnity would not result in the preserration of 
the uniform temperature nocBesary for the internal regions of 
the body; we ahould then merely aee it expoaed to more general 
elevations and dcpresBiona of temperature, according to the re- 
apective predomiuance of causes of heat or the loss of it. To 
produce uniformity of central heat tt ia indiB])en8able that aome 
influence should augment the rapidity of the ctroulatioa 
ench time tliat the organism produces more heat, or that the 
elevation of the aurrouudiug temperature diiiiiDiahoa the causes 
of cooling. Circulation in the sujierfictal portions of the body 
is extremely variable, ae we may ascertain by observing tlio 
varying aspects of those portions, which are sometimes red, 
hot, and swollen, sometimes pale, cold, and shrunken, accord- 
ing to the more or less abundance of tlie blood which circu- 
lates in them, Thla variability depends upon the contraction 
or the relaxation of the little arteries, whose muscular sheaths 
obey special nerves. When, under the influence of tliese nerves, 
named voso-motors, the vessela contract, circidation alackens, 
while by a contrary action, the relaxation of the vessela ac- 
celerates the course of the blood. Now, it is the tempera- 
ture itself which moat generally acts in regulating this state 
of contraction or relaxation of the vessels, so that the animal 
temperature possesses in reality an automatie regulator. 

Every one has observed the influence of heat and cold on 
the circulation in tlie skin. If we dip one hand in hot, and 
the other in cold water, the first will grow red and the second 
pale ; heat has, therefore, the eflect of relaxing, and cold of 
contracting the vessels. In other words, according to what we 
have already seen, heat, by its aclion upon the circidation, 
favours the loss of heat ; while cold acts in an i 
and tends to diminish the intensity of the chilling process. 
And it is not only under the iuflaeaue of the variations of 
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leitemol temperature tliat tbeee effects are prctduccd ; they are 

Kvquully observed when tlie auimal heat Turies in its produc- 

nioii. The heating of the organism which accompanies 

Pmuacular activity, or which results trom taking very hot 

diinke, produces the acceleration in the superficial circulation, 

which throws out this escessof heat to the etirface. Inanition, 

muBcular repose, the drinking of iced waters, &c., slackeathe 

circulation near the surface and check it« cooling action. 

Such are, as far as we can explain them in a short chapter, 
the origin and the distribution of heat in the animal organism. 
pThe pMl played by the circulation of the blood in the distri- 
bution of heat, perhaps demands more ample details ; and, 
indeed, we have treated it more fully elsewhere.* In the 
present chapter we have studied heat only as mauifestation of 
force, and have merely designed to show that, notwithstanding 

IftU appearances, heat is of the same nature in the inorganic 
itrorld and in organised beings. 






CHAPTER IV. 

ANIMAL MOTION. 

'Kotion is tbe most ajifiureat characteristic of life ; it acts on solids, 
liquids, and gKses — Distinction between tlie motions of organic fUid 
Boiuitil life— Wb sholl treat of animnl iDotioQ only— Strncture of tha 
muscles — Undul&ting appearance of the still living lilire ^Muscular 
wave — ConcuBsioD and myogruph; — Multiplicity of acta of coatrac- 
tion- — Intansity of contractioD in ita rolntioDS Co the frcqueuey of 
muscular shocks — Chsractoriittica of £bre at dilTerent points at the 

Motion is the most apparent of the chaiacteriBtics of life ; 
it manifests itself in all the functions ; it is even the essence of 
several of them. It would occupy much space to explain the 
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roecbaoUm by which the blood circulates in the vcstIs, how 
Kir {>eaetrates into tlie lungs, and eeca{>es from tliem alter- 
nately, how the intestines and the glands are perpetually 
aSbcted by slow and prolonged contractions. All tlicse more- 
ments take place within the organs without the exercise of tha 
will ; frequently even the individual in whom tliey occur is 
imconadous of them ; these ar« the acta of organic life. 

Other movements are subjected to our will, wliich regulates 
tlieir speed, energy, and duration ; tliese are the muscular 
actions of locomotion, and the dilTerent acts of the life of rela- 
tion. We shall treat specially of this order of phenomena, 
which are more easy to observe, and t« oTialyse. Sui&ce it 
here to say that the absolute division between the acta ot ] 
organic life and those of the life of relation ought not to be 
accepted unreservedly. Biuhat, who established it, bnsetl it 
upon anatomical and functional differences which are of lesa 
importance now than t)iey were in his time. The mus- 
cular element of organic life is unstriped fibre obedient to the 
nerves of a particular system called the gr€ot lympathetic, 
on which the will has no action ; motions produced by this 
kind of fibre are manifested eame time after the excitement of 
the nerve or of the muscle, and continue for a considerable 
time. In fact, the object of those nets which ore intended to 
maintain the life of the individual imprints upon them a I 
special character. The muscular element of the life of rela> 
tion consists of a fibre of striated appearance, whose action, 
under the control of the wilt, is dependent upon nerves 
emanating directly from the brain or from the spinal marrow. 
These movemenis become evident rajjidly as soon as they are 
provoked by excitement; they are of brief duration, and are, 
generally, not indispensable to the maintenance of the life of 
the animal. 

Although this distinction is, in a general way exact, it ia 
plain that it is too arbitrary, and that numerous exceptions | 
to the anatomical and physiological laws which it tends to 
establish may be quoted. Thus, the heart, au organ directly ' 
indispensable to organic life, and not under the governance of 
tile will, is a structure which much resembles the voluntary ' 
LiniiBclcfl. Certain fishea of the genus tiuca have striated muBcleH 
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the large intestine, as Ed. Weber has pointed out. Very 
often, on the other hand, the will lias no power over certain 
muscles which, by their structure, and by the nature of the 
nerree which animate them, belong to the system of the life 
of relation. Habit, besides, by repeated exercise, appears to 
extend the action of the will over the muscles, almost 
indefinitely. The young animal shows, by the awkwardness 
of hia movementa, that he is not in ftiH possession of his 
muscular functions; beseems to have to study tlie simplest 
acts, and performs them badly ; while the gymnast, or the 
skilled piano forte-player executes prodigies of agility, strength, 
or precision, without any apparent effort of the will propor- 
tionate to the result obtaiued. Many physiologists think, and 
we are of the same opinion, that there exist in the brain, 
and in the spinal marrow, centres of nervous action which 
acquire certain powers, by forco of habit. They attain to the 
command and co-ordination of certain groups of movements 
without the complete participation of that portion of the brain 
which presides over reasoning and the coasoiousnesa of our 
actions. 

Let U6 lay aside these questions, which are still under inves- 
tigation, and examine into the production of motion in a 
voluntary muscle. The organ which generates motion is 
composed of several elements. Simple as it is sujiposed to 
be, it requires the intervention of muscular fibre, of the blood 
Teasels, which unceasingly convey to it the chemical elementa 
at whose expense the motion is fo be produced, and finally, of 
the nerve which excites motion in the fibre. 

When the physiologist deairea to analyse the aetiona 
which take place in the muscles, he does not deal, in the firat 
place, witli voluntary motions, whose complexity is too great. 
The operator isolates a muscle, and induces motion in it, by 
bringiug to act upon its nerve artificial excitements which he 
has under his control. 

To give an idea of the part J>layed by each of the elements 
of the motive apparatus in the production of movemeiiC, it is 
Buflicient to operate upon the leg of a frog, By laying bare 
and severing the sciatic nerve, the influence of will upon the 
muscle may be suppressed, so that the latter will only execute 
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Siich motiona aa are produced by excitation, electric nr 
otlierwiae, apjilied to the portion of tlie nerve wJiii^h remiiiuB 
in communication with it. Ou the sidea of the sciatic uerve 
are an artery and a vein. Coiniireasion of the artery will 
prerent the blood from reaching the muscle ; cnmpretision of 
the vein will produce stagnation of the blood. The iufluencoB 
which difFeront states of circulation produce upon the muscular 
function may then be observed ; and, finally, by making an 
incision in the skin of the foot, the muscle will be laid bare, 
and cold, boat, or the various poisonous substanoes by wliicb 
its action is modified, may be brought to bear directly upon it. 

When the nerve of a frog thus prepared is excited by an 
electric discharge, a very brief convulsive movement in the 
muscle is produced; this motion is called Zmhany by the 
German physiolog^iste, and we propose to call it tUock, in 
order to distinguish it from true contraction. It is so rapid 
that its phases cannot bo distinguished by the eye, so that, to 
appreciate its characteristics aright^ recourse must be had to 
special instruments. Regifltoriug apparatus only can supply 
this need, for they faithfully render all the phases of motion 
oommunicated to them. The general disposition of these forms 
of apparatus, which for a long time were used almost exclusively 
in the service of meteorology. Is generally known. The 
indications of the barometer, of the thermometer, of the forca 
or the direction of the wind, of the quantity of rfiinfull, &c., 
register themselves under the form of a curve which, accord- 
ing as it is elevated or depressed, expresses the increase or 
diminution of intensity of the phenomenon to he registered. 
The time during which these variations are accomplished may 
be estimated by the length occupied by the curve upon tlie 
paper, which travels in front of the marking pen with on 
ascertained and perfectly regular speed. 

The use of instruments of the same kind has been introduced 
into physiology by Volkmaun, Ludwig, and Helmholtz. We 
have endeavoured to extend the employment of them to a groat 
numlier of phenomena, and wo have construcled many instru- 
ments whose di'scription would be out of place here. The 
apparatus which registers muscular motions bears the name 
of myoijTaph ; it shows the disturbance of the muscle by 
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means of a curve whicL readily allows us to study its phaaea. 
We liave fully exjiltiiued elsewhere tlie nature of this ia- 
strument, the experiments for which it is Euitahle, and 
the results which it gives.* At present wo shall limit our- 
selves to a summary descriptiou of the chief leaulta of 
myography. 




-Tbo Hyoxtnpli. 



In order to ex])lain thoroughly the function of the appa- 
ratus, let us reduce it in the first place to its essential 
elements. Fig. 2 shows a muscle of the calf of a frog's leg, trt, 
suspended hy a clip by means of the hone to which the upper 
part of the muscle is attached. The tendon, I, of the muscle 
has been cut and then tied by a thread to the lever, L, one end 
of which can be raised or lowered while the other is fixed ; the 
nerve, n, is susceptible of electric excitement, which produces 
certain contractions followed by relaxations in the muscle, that 
is to say shotlca. Each of these movements of the muscle is 
communicated to the lever, which is raised o 



* Du JHouxejiunl dam lea Fanctims dt la Vie. Paris, 1867 : G, Baillieie. 
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fying at its extremity the motiona which it has revived. 
Tliia lever, whitli ends in a point, traces on a turning cylinder 
certain curves, wliicb, when tliey are raised, indicate the con- 
traction of the muHcle, and when tlioy are lowered, show 
its return to its primitive length. 

With the arrungenient which we have made in the myograph 
& TOUBcle may be operated njxm without being detached from 
the animal, which allows of the organ being left in the uormol 
conditione of its function. 

In Fig. 3 the frog is represented in the experiment, fixed, 
by means of pins, on a pieco of cork. 




The brain and spinal marrow have been previously destroye( 
HO nfi lo extinfjiiish all voluntary mnvemont and sonailiility, I 
Although, to all appearance, the animal ia dead, it will nei 
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I retain for several hours tte circulaKon of tlie hlofn], 
and the power of motion und&r the influence of electric 
dischaf^ee. An electric exeitator oonvaya the current from an 
induction coil to the nerve of the frog. 

In order to register these movements and to depict them 
hf curves whieh express their different phases, they are trans- 
mitted to the myograph in the manner already described. 
The tendon of the muscle is cut, and connected by a wire 
which is fastened at the other end to the lever of the 
registering apparatus ; the latter moves in a liorizontal plane, 
when the contractile force of the muscle is exerted upon it. 
As soon as the muscle ceases to act, the lever returns, under 
the pressure of a spring, to ita original position. At the free 
extremity of the lever is a point which traces, on a turning 
cylinder covered with smoked paper, the motions produced by 
the.alternate contraction and relaxation of the muscle. 

When the cylinder ia motionless, the lever traces, for each 
muscular shock, a straight line which expresses (by amplifying 
it in a known proportion) the extent of the contraction of the 
muscle. Several authors limit themselves to this kind uf 
myography, by which they ascertain the variations produced by 
different influences in the intensity of muscular action. By 
giving the cylinder a rapid rotatoiy motion, a curve ia obtained 
which expresses by its height the extent of the contraction, 
and indicates by its inclination, which constantly varies, the 
speed with which the muscle passes through the different 
phases of the shock. Finally, in order to obtain, without 
confounding them, a great number of successive tracings, 
tlie foot of the myograph is placed upon a little railroad 
which works parallel to the a\is of the cylinder. The 
writing point then traces an indefinite spiral all round the 
cylinder, and on this spiral a number of regularly graduated 
curves (Fig. 6) are traced, answering to a series of electric 
excitations produced at equal intervals ; each of these curves 
corresponds with one of the electric shocks. 

If the apeed with which the cylinder turns be augmented 
or diminished, a change ensues in the appeartince of the 
curves, which necessarily occupy a greater or less apace on 
the paper, but if a uniform speed in the rotation of the 
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cylinder be inaiutaioed, the curves retain the game form bo 
long; as tlie muede gives the Bume inuvementa. 

Not only are nhocka produced in the muBcle hy aotiag* 1 
upon its nerve by electricity, but also by applying electric I 
excitement to the muecle itself. Pinching, percussiim, and ' 
cauterization of the nerve are also excitauts which provolce 
ahocka of the rauucle. 

The chuntcter of these movemeuta changes under certain in- 
fluences. Fatigue of the tnuacle, the cooling of that organ, the 
stoppage of circulation in its interior, modify the form of the 
shock, diminiah ita forco, and augment its duration. Under 
these influences the myographic curve puBses through difi'erent | 
forma, such aa 1, 2, D, Fig. 4. 




Among the difi'erent species of animals, the durations of the ] 
shock vaiy conaiderttbly ; iu the bird they are very brief (twi 
to three hundredths of a second). In man they are longer 
in the tortoise and hybemating animalH longer still. Certain J 
poisonB modify the characteristics of this movement i 
special a maaner, that the slightest traces of those poisons I 
introduced into the circulation of the animal may be diBOO' 
vered in the form of the tracings. 

By Fig. 5, we may judgo of the successive forms whioh 1 
will be assumed by the shoclts of the muscle of a frog, undeV'l 
the influence of a gradual absorjition of veratrine. 

These experiments Blill reveal only one fact: it is tliat.| 
the muscle is shortened or lengthened by a movement whoi 
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phases vary under the different influences which we have just 
descrihed. 

If we endeavour to pursue the study of this phenomenon of 
the contraction of the muscle, we see that it is only a change 
in the form of that organ, and that the diminution of lengtb 
ia accompanied by a corresponding dilatation which might 
a sensibly incompressible tissue. But the 
which this dilatation is produced it 




o Ibe left of tha figure 



r It has been long: since observed that there are formed upon 
^ving muscles at the points where they are excited, lumps or 
nodosities which run along the whole length of the muscle, 
with more or leas rapidity, like a wave on the surface of the 
water. Aehy* has shown that this is a normal phenomenon, 
and, under the name of muscular wave, he has described tliis 
movement, which, from the excited point, passes to the two 
extremities of the muscle at the rate of about a metre in a 
second. By means of an apparatus, which we have called 
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myograpkical dipt, the reality of this movement of the vave 
may be verified ia the living animal, 

Whea the wave appears in the muscle, it produces con- 
traction. Diiriug the whole of its passage the contravtiuD 
continues, and when, having reachcil the end of the muscular 
fibre, the wave vauishee, the contraction disappears with it. 

These facts resemble those wliich the microscope reveals in 
living muscular fibre. Let a Imndle of musonlar fibres ba 
taken from an insect, aud placed uniler the objective^of the 
microscoi)e (the feet of coleoptera are well suited for this 
purpose] i we first observe the beautiful transverse striation 
of these fibres, and then we perceive on their surface an undu- 
latory movement often alternating, which resemliles the motion 
of waves on the snrfaoe of water. On examining this 
phenomenon more closely, we see that tlie transverse strise 
of the fibre are, at («rtaiii points, very close together, which 
is shown in the figure by a dilatation of the fibre. Thia 
is the wave shown by the microscope; the longitudinal con- 
densation of the muscle at iliis point gives it greater opacity 
than in the other portions (('ig. 6.) This opiu^ue wave travels 

iiii Uln. HI* JiiiM ij fei"fjf,'a(l 
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through the length of the fibre. In otlier words, the jioints 
at whicli the stride approach each other are not always the 
saine, the longitudinal cundensatiitn disappears in one place 
whilst it is produced in the contiguous parts. 

Since the contraction of the niupcle is accompanied by it« 
transverse dilatation, we may study the characteristics of 
the motlou produced in a muscle, according to thia expansion. 
We have succeeded in rngistering these changes in the 
volume of the tnusole, as we have registered the changes 
in its length. Under these condilions we might study 
must^ular action in man himself, because there is no udod 
of mutilation. 

Let us suppose a muscle held between the flattened ends 
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a clip ; at each of its dilatationa the rauaele will force open 
the clip, and this movement may be regiatfired. This method 
enables ua to study the phenomenon of the muscular wave, 
and the speed with which it travels throughout the whole 
length of the muscle. 

Pig. 7 exhibits a bundle of muscle held at two points 
of ita length between the myogr ph al 1 pB 1 aud 2 
ThoBe inatrumenffi are ho couatructed tl at 1 en the r ends 
are pushed apart by the dilatation i the uuscle tt e move 
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tnent compreseea a Bort of little drum which aenda a portion 
of the air which it contained through an india-rubber tube 
into a similar little dnim. Fig. 7 ahowa two of these inatru- 
ments fixed upon a foot. The expansion of the membrane 
lifts a registering lever, and thus gives notice of the dilatation 
of the mnacle at the point wliere it is couipreased by clip 
No. 1. The movement is ahown upon the tracing by a curve 
analogous to those which we have already seen. 
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^^H Let us Buppoae that the muscle in eleclrioally excited at 

^^^B the level of the first clip ; notice ih given of the formation o 

^^^1 the wave at that part of the muscle, but clip No. 2 does i 

^^^B not yet give its signal. Id order that it may act, the wave, 

^^^^ as it passes along the muscle, must reach it. Aa this occurs, 

^^^V clip No. 2 gives the signal ia its turn, and It is shown by 

^^^H the tracing, that this second movement ia later than the first 

^^^B by a certain space whose duration may he estimated according 

^^^H to the speed of the rotation of the cylinder. 
^^^1 The influences which modify the intensity and the duration ' 

^^^1 of the niusaiilar shock have appeared to ua to modify the 

^^^H intensity and the speed of the propagation of the wave. Thus 

^^^^ the two lower curves represented in Fig. 8 show that the 

^^^B transference of the wave is retarded by cold. 




The experiment has been made upon the muscles of the 
thigh of a rabbit. The clips were placed as for as pos- 
sible apart, about seven centimetres. Electricity was applied 
to the lottwr extremity of the muscle, and the two upper ciirres 
of Fig. 8 were obtained. Tlie interval which divides those 
curves marks the duration of the tranufcrence of the muscular 
wave. After the muscle hiid been chilled with ice the curves 
at the bottom of the figure were obtained. We see that the 
transference of the wave is slackened, for there is a longer 
interval between these curves than between the first. 

Frodnction of mechanical force in the mwac(p.— We have 
that chemical action is t)ie source of muscular force ; through. 
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^^B what media does this force pnaa liefore it becomes meclianical ^^| 


'" work ? 


^H 


Id Bteam engines, beat is the 


necessary medium between ^^M 


the oxidation of the fuel and the . 


leveloped mechanical work. ^^M 


It ia very probable that the same 


^H 


thing takes place in the muscles. 


19 ^H 


The chemical action produced by 


9 ^H 


the nerve within the fibre of the 


il ^^^1 


miiacle disengages heat from it : 


Iv ^^^^^1 


thia heat in its turn is itself 


si ^^^^^^1 


partially transformed into work. 


■ ^^^^^H 


We say partially, since accord- 


1 ^^^^^H 


ing to the second principle of 


i ^^1 


therm 0- dynamics, heat cannot be 


1 ^,— _^ ^^H 


entirely transformed into me- 


M'^^Oy ^^M 


chanical work. 


W ^t^ \ ^^1 


Certain facts seem to justify 


1 ^^'' \ ^1 


these views : thus, by warming 


1 ^R^ \ ^H 


a muscle, we change the form of 


1 v^ 11^-^ ^1 


it, and may see it contract in 


1 ^*^- r^ ^^1 


length as it eiipands in breadth. 


1 ^wl \ ^1 


These effects disappear when the 


i %* ^ ^^1 


mnscle is cooled. 


1 ^\-^ ^^1 


Muscular fibre is not singular 


1 ^1 


in its power of transforming heat 


1 ^1 


into work. India-rubber, for in- 


B, ^^H 


stance, has an analogous property, 


^bL ^^I 


and this substance may be made 


^1^^ ^^H 


to imitate the muscular phi.-- 


^^^^ ^^^1 


nomena to a certain degree. If 


^^^^^^1 


we take a strip of india-rubber 


^^^^^1 


(not vulcanised), and, drawing it 




between the fingers, stretch it out 


^^^^^1 


to ten or fifteen times its original 




length, we see that it becomes 


worit hy a alrtp of india-rubbur. ^^M 


H white, and of a. pearly lustre. 


At the same time the strip ^H 


^^^ft^rill become sensibly warm, and It will tend energetically to 


^^^Betum tu its original condition, » 


that if we let go either of 


^^^Bta ends, it will iustuutly rcauoiQ 


lis former length, and fall to 

i 


^^^HHhb^^i^^^^^h 





its origiinal temperuture. Aucordiog; to our view, the genatble 
heat has disappeared and become mechauicul work. If 
jihinge the strip when extended into wat«r, bo as to deprive it 
of ita lieat, it. remains, as it were, congealed in its extended 
state, and does not develop any mecUanioU work. But if we 
restore to the elongated strip the heitt which it had lost, it 
will recover its elasticity with considerable force. Fig. 9 
represents a strip of india-rublier thus pulled out and cooled. 
It has been laden with a wei|jht that it may have no tendency 
to recover itself. But, if we take the atrip between our fiugera, 
we feel it swell and shorten at tlie same time that it lifts tho 
weight ; there is again production of mechanical work. 

If wa thus heat the strip at various points we create a 
series of lateral expausioua, each of which raises a certain 
quantity of the weight. Lastly, if we heat it tliroughout all 
its extent, the strip returuH to its original diiiienHiona, with 
the exception of the slight elongation produced by tho sus- 
pended weight. 

Strong aualogies exist between these phenomena, and 
those which take pla(« in muscular tissue. The identity would 
be perfect if the wave which heat produces on the strip of 
iudia-rubber were transmitted to each end. This transference 
implies, in the muscular fibre, the successive propagation 
of the chemical action which disengikges the heat. It is thus 
tliut if we light a train of powder at one point, the ia- 
caudescenoe spreads throughout its entire length. 

These analogies have struck ua as being remarkable : they 
seem to us to open new views of tho origin of muscular 
action. 
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CHAPTER V. 

CONTEACTION AND WORK OF THE MUSCLES.- 



The funution of the nerva— Kajiiility of the ne 
in physiology— Tela ti lis md muscaliir 
tractiim — Work of the musoles. 



1 The experimentB described in the preceding chapter show 
us the muscle under artificial conditiona, which may, perhaps, 
isduce us to suspect the results which they furoisb. Can 
this electrical Hgeut, wliicU has been employed to excite 
motioa, be aSBimilated to Che unlmown ageat which the wilt 
Bends through the nerves to command the muscles to act ? 
And these artificially-produced movements, those brief shocks, 
always similar if the conditions of the muscle be not changed, 
iu what do they resemble the motions commanded by the 
will, which are so varied in their form and their duration F 
These objectioue deserve at least a brief diHcuasion. 

The fuitction of the nerve. When a. nerve is excited by an 
electric discharge, the electricity employed does not always 
pass to the muscle in which the reaction tukes place. The 
shock is produced equally well when all propagation of the 
electric curient along the nerve is prevented, and it exhibits 
itself equally when excitants of a quit« different nature are 
employed, for instance, pinching or percussion. Thus, the 
excitant employed only excites in the nerve the transference 
of the agent which b proper to that organ. Is not this 
nervous agent itself electricity? Notwithstanding the able 
labours of the German physiologists, and especially of 
M. Du Bois Reymoud, science has not yet decided on that 
subject. "We know that electrit phenomena are produced in 
the nerve when it has been excited in a certain way, and 
that their propagation throughout the nervous cord seems 
to have precisely the same speed as that of the 'transference 
) nervous energy itself. Uow has this speed been 
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Helmholtz hnd the boldness to undertake this ineasarement, 
and, by determining the speed of the nervous agent, he has 
furnished physiologists ffith a, method whioh enables thera to 
measure the duration of other phenomena connected with the 
nervous or muscular functioua. Thus the experiment described 
above, in whioh we have measured the speed of the trans- 
ference of the wave in a muscle, is only an application of tha 
method of Helmholtz. 

In order to make tha uonditions of this experiment 
thoroughly comprehenaihle, let us make use of a oompariaon. 
IjQt US suppose that a letter is despatched from Paris to go to 
Marseilles, and that, being resident in the latter town, we 
stiould be informed of the pr«ciee instant at which the postal 
train leaves Paris, while we have nothing to warn us of its 
arrival at Marseilles except the knowledge of the moment at 
which tlie letter is delivered tliere. How can we, a»X!ording to 
these data, estimate the speed of the mail train 7 It is dear 
that the instant at whicli we receive the letter does not indi- 
cate that of the arrival of the train ; for between that arrival 
and the distribution, many preliminaries take place, the sorting 
of letters, delivery, &c., whioh require a certain time not 
within our knowledge. In order to have an exact idea of tha 
speed of the train whioh carries the mail, we must receive 
a signal of the passage of that train through an intermediate 
station between Paris and Marseilles, Dijon, fur instance ; 
then we shall see that the distribution of letters takes place 
six hours sooner after the departure from Dijon than after the 
departure from Paris. Knowing the distance which separates 
these two stations, we may ascertain from the time employed 
in traversing it, the speed of the train. Uy supposing this 
speed to be uniform, we shall know the hour at which the 
train will have arrived at Marseilles, whioh will give us know- 
ledge of the time consumed in the sorting and distribution of 
the letters. 

Helmholta, in experimenting upon the nervous motive 
agent, first excited the nerve at a point very distant from tha 
muacle, and noted the time which elapsed between the excite- 
ment which despatched the message carried by the nerve, and 
the appearance of motion in the muscle. Then acting on a 
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* point of the nerve very near to the mnecle, he ascertained 
that under these new conditions the motion followed the ex- 
citement more closely. I'he difference of time which he 
obBcrved in these two consecutive esperimenta measured the 
duration of the transference of the nervous agent along the 
known iengtli of the nerve, and consequently expressed its 
speed, which varied froui 15 to 30 metres per second. It 
is feebler in the frog; than in «■ arm -blooded animals. 
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Now, it results from the experiments of Helmholtz, that all 
the time which elapses between the excitement and the motion 
18 not occupied by the transference of the nervous agent; but 
that the muscle, when it has received the order carried by the 
nerve, remains an instant before acting. This is what Helm- 
holtz calls lost time. This time would correspond, in the 
comparison which we have employed above, with the duration 
of the preparatory labour between the arrival of the letters 
and their distribution. 

Physiologists have repeated the experiment of Helmholtz 
with some improvements. In fig. 10 tracings may be st 
which we have ourselves obtained while measuring the speed 
of the nervous agent. 

Two muscular shocks are successively registered upon the 
same cylinder, care being; taken that the nerve shall be excil 
two experiments, at different points, but at the sai 
with regard to the rotation of the cylinder; 1 

,mple, at the precise momeat at wliich. the point of the 
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myograph ipansea over the vertival which correspondB with thfl j 
origin of the liueit 1 aud 2. 

Ill the experiment which regulated the ehook of line 1, tha 1 
nerve waa excited very near the muscle. lu that which warn 
traced by the shock of line 2, tlie uerve wa« excited 30 ceuti- 
metres farther off. As the cylinder turns with a uniform I 
motiou we oau estimate the time correspoiiding with the i 
distance which separatee the two ehocka. To facilitate the ' 
mQaauremeiit of this intei*vul, the rertiotl lines indicate the 
starting points of these sliocke; in £g. 10 the iutervat which 
separates them corresponds with a hundredth of a second, 
during which the nervous agent has passed over 30 centi- 
metres of uerve, which corresponds with a speed of 30 metres \ 
pec second. lu order to meiLsure this time witli very greut 1 
exactitude, we use a metliod invented by Duhamel. It twn- 
sists iu making the cylinder trace tlie vibrations of a chrono- 
graphic tuning-fork provided for this purpose with a vsry 1 
fine style, which scratches ou the seoeitive paper. We have | 
recourse to this method iu all our experiments. 

Let us return to tig. 1 0. If the interval which divides tha 
starting points of tlie two shocks corresponds with the time _ { 
which the nervous agent has taken to pass along 30 centi- 
metres of nerves, tliere is a much more considerable time, 
which, for each of the lines 1 and 2, is measured between tho I 
signal of tlie excitt^ment mtirked by the first of the three l 
vertical lines aud the first ahock. This is the loit Umt 
Helmholtz; it represents more than a hundredth of a second ] 
in tliis experiment. 

The greater number of authors think that the speed of the I 
nervous agent varies under certain influences ; that heat j 
augments it^ while cold and futigue diminish it. 

It seems tu us, on the contrary, that this variability of I 
duration belongs almost exclusively to those slill unltnowQ i 
[ihenomena which are produced in the muscle during the ] 
loll lima of Helmliultz, 

J ust us tlie employiji of the post, fatigued or chilled by cold, 
cause delay in the distribution of despatches, without there I 
having been any chiiiige in tlie speed of the train which baa I 
brought them, so the muscle, according to whether it is rested. 1 
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or fatigued, heated or chilled, executes more or less rapidly 
the movement dictated by the nerve. 

Besides this, all the influences which cause variation in the 
moment at which the shock of the muscle appears, cause 
variation of speed in the propagation of the wave iu its 
interior; which proves that the conditions which accelerate 
or retard chemical actions, the first causes of all these phe- 
nomena, are solely conceroed. 

Of the eoiilraetion <ij tkt musete. Hitherto, we have applied 
to the nerve only one single excitation, to which one siugle 
motion responded, the muscttlar ihoek. Notwithstanding its 
brevity, this shock has an appreciable duration ; in man it takes 
8 or 10 hundredths of a second for the muscle to accomplish 
its contraction; then a longer tiiue for it to resume its normal 
length ; after which, if it receives a new order from a perve, 
it gives a &esh shock, but if tlie excitations of the nerve 
succeed each other at such short intervals that the muscle has 
not time to accomplish the first shock before it receives a 
second, a special phenomenon is produced ; these movemente 
are confounded and absorbed into a state of permaueut con- 
traction, which lasts as loug as the excitations go on suc- 
ceeding each other at short intervale. 

Thus the shock is only the elementary act iu the frmction of 
the muscle ; it pLiya therein, after a fashion, the same part as 
a sonorous vibration i)lay9 in the complex pheuomenon which 
constitutes so\md. When the will ordains a muscular con- 
traction, the nerve excites iu the muscle a series of shocks 
which follow oue another so closely that the first has not time 
to end before a second begins, so that these elementary 
movements combine tofjether and coalesce to produce the 
contraction. 

Volta pointed out, in a letter to Aldini, this singular fact, 
that a frog which receives a series of excitations, by the reite- 
rated contacts of two heterogeneous metals applied to bis 
nerve, does not react at cacli of these contacts, but undergoes 
a sort of permanent contraction. Kd. Weber shows that the 
action of successive induced currents is of the same hind, 
and he has given the name of tetanus to the state of the 
muscle thus excited. Helmhullz perceived that the muscle 



vibrates in the depths of its tissue under these conditions of 
contraction, hei^uuse tlm ear applied to this muscle heara a 
souod %ho8e acutenetta ia exuctly determined hy the number | 
of tlie electric excitations sent to the muscle in a second. 

By means of a very senHttiTe myograph, we have been able 
to render visible tlie vibratiuna of the muaclea under the jn- | 
fluence of tetanus -producing shocks. 

Fig. 1 1 shows how this fusion of shocks is manifested 
by a contraction of the muacle, parmaueut in appearance, but 
in which the tracing reveals vestiges of vibrations. Vibrationa 
may be found in the tetanus whicli strychnine produces in the 
muHclBH of iiD animal, a« well ua in that ivhicli is caused by 
the irritation of a iiervp by lieat mid I'lieiniciil iiu'tlIa 



In short, these voluntary contractions seem to be only r - ' 
aeries of shocks, combining together by the rapidity of their 
succeeaion. 

It has long been known that by applying the ear to a 
muscle in a atate of voluntary contraction, we can hear a 
grave sound, whose tone several authors have sought to 
determine. Wollaston, Houghton, and Dr. Collongue are 1 
almost agreed upon this tone, which would correspond to a 
frequency of 32 or 35 vibrations per aeoond. Helmholts | 
thinks that this tone of 32 viltrationa per second is the normal i 
sound given ont by the muscle in contraction, and according 
to hia experinieata in electric tetanizutiun, he regards thU j 
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miiiiber as the miaimum DecesBaiy to produce the state of 
ajiparent immobility of the electrically tetanized muscle. 

If voluntary contraction, studied with the aid of the myo- 
graph, fumiahea no trace of vibTations, we must not be sur- 
prised, since the essential character of that act conaista in the 
ooalescenoe of ahocta. But the existence of the sound which 
accompanies the contraction of the muscle suiEoiently proves 
the complexity of this phenomeDou. Let ua add another proof 
in favour of this theory. When a muscle receives escitations 
of equal intensity, the contraction which results from them is 
all tiie stronger in proportion to their frequency. Now, in 
contracting the muscles of the jaws with more or leas force, 
I we have been able to convince ourselvea that the acuteneas of 
the muscular sound increased with the energy of the effort. 
"We may thus obtain variations of a Jifth in the tone of the 
'muscular sound. 

We shall also see hereafter how the eleotrio state of the 
muscles in contraction proves still more the uomplexily of this 
phenomenon. 

The conclusion at which we have arrived is, that during 
itary contraction, the motor nerves are the seat of auc- 
llieeeive acts, each of which produces an excitation of the 
muscle. The latter, in its turn, causes a series of acts, each 
of which gives birth to a muscular wave producing a shock. 
It is in the elaitieity of the muscle that we must seek for the 
cause of the coalescence of these multiplied shocks ; they are 
extinguished just as the jerks of the piston of a fire-engine 
disappear in the elasticity of its reservoir of air. 

Of work done by the muactet. After having seen how 
mechanical force is produced, let us ti; to measure it — that 
is to say, to compare it with the kilogrammetre, the unit of 
measure of work. If we suspend a weight to the tendon 
of a muscle which we cause to contract, we easily obtain the 
measure of work by multiplying this weight by the height to 
which the muscle raises it. 

In animated motors, the measure of work ia less easy to 
obtain. Sometimes, indeed, the strength of an animal is 
utilized in the lifting of a weight, but the greater part of the 
acts in which the strength of animals is employed can only 
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he eBtimated by enlarging the di-fiiiition of meclmuical work. 
TbuB, a horse which tows a boat, a man who pUnee a board, 
a bird which strikeH the air with ita wing, does mechanical 
work, and j-et thej do not lift weiglits. In order to redac-e 
eases of this kind to u ^neTal definition, we must admit as 
the expreeeion of work, the effort inuUipHed by the space travtrtei. 
This effort, besides, m«y always be compared with the weight, 
the lifting of which would necessitate an equul effort, so that 
wcsayof a traction or an impulse, that it corresponds with 
10 or 20 kilogrammes. When a workmiiu planes or turns a 
piece of metal, if the tool which he drives into it ])enetrate8 
only on condition of receiving an impulse of one kitograrome, 
the workman, in order to have effected a kilogrammetre of 
work, ougltt to have detachetl from the mass a shaving of a 
metre in length. A horse which tows a bout with 20 kilo- 
gramme force, will have employed a force of 20,000 kilo- 
grammetres when he has gone 1,000 metres. 

But still that is not yet sulHcieut to be applied to all tha 
forms of mechanical labour. If. for example, force be em- 
ployed to displace a mass, the effort necessary for the move- 
ment will vary with the spaed which is given to that mass. 
Let US imagine a block of stone suspended Jreely at the end 
of a very long rope; the lightest pressure applied to this 
block for a few instants will produce movement in it, while 
the strongest blow of tlie fist will scarcely cause any sensible 
displacement, because the force requisil* lo displace masses 
increases according to Ifie square of the speed which is oom- 
municated to them.* 

A force of very short duration applied to a mass, produces 
only a shock incapable of displacing it. But this same shock, 
if it be exerted by means of an elastic medium, is transformed 
into an act of longer duration, and without having added 
anything to the quantity of motion, becomes capable of pro- 
ducing work. 

This elasticity intervenes in the animal ewnomy to permit 
the utilizutioQ of the very brief act which constitutes the 
formation of the muscular wave. The formation of the wave, 

• Thill notion iu ecprcaned by -■ - ■ 
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which lasts only for some hundredths of a eecoi 
the time of application of each element of the force of the 
luacle. At each new wave, there would be produced a true 
thoek if the elaaticity of the fibre did not extinguish this 
abruptness, and transform these jerky little contractions into a 
igradual increase of tension which constitutes the prolonged 
Tort of the muscle. 

A motor only works on the double condition of developing 
an efTorl, and accomplishing a motion. Thus a muscle which 
contracts, performs no external work, except while it is con- 
tracting; aa soon as it has reached the limit of its coutraotion, 
it ceases, to work, whatever may be the effort which it 
develops. When we sustain a weight after having lifted it, 
the act of sustainment does not constitute work. 

But, in these conditions, to maintain the elastic force of the 
muscle, the same acts are produced in its interior as during 
the work ; the muscular waves succeed each other at short 
intervals, and heat is disengaged by chemical action. Now, 
this heat, wiiieh cannot trauslbrm itself iuto action, ought 
to remain in the muscle, and beat it strongly. This is pre- 
cisely what we observe, so that in the malady called tetanus, 
which consists of a permauent tension of the muscles, it 
is ascertained that heat is produced with an exaggerated 
intensity, the temperature of the entire body riaiug several 
degrees. 



CHAPTER VI. 

OF ELECTRICITY IN ANIMALS. 

Electricit; is produced ia ilIuidsI nil organised tissues — Electrio currents 
of the musclts nnd tlie nertes — Dibchatges af electric Ksheu ; old 

Itheoriea ; dtmonstratian of tiie electric nuture of this phenomenon — 
Aualopea between the disitliurge of elcctricnl apparatus and the nhock 
of a mnsi'le— Eloctrio tetanus— Bapidity of the nervona sgput iu the 
electrical nerves of the torpedo ; duration uf ita dischai^e. 
Mo 
hemi 
f eh 



Most of the animal or vegetable tissues are the seat of 

^hemical actions, whence result an incessant disengagement 

' electricity. In this way, the nerves and muscles of an 
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aniniBl furniRh manifeBtations of djuamtD electrioify. Mat- 
teuoci has discovered the maimer in which the muscuiar 
current is usually produced. Du Bois Reyinond has added 
much to our knowledge of this current, of ita intanaity, and 
of ite direction in every part of a muscle. TreatiBes on phy- 
siology give copious details of oiperimenta relative to nervous 
and musculur electric currents. This study has been the 
more eagerly pursued because the proximate cause of the 
function of the nerves and muscles was expected lo be found 
in these electric phenomean. 

The most interesting fact connected with muscular eleo- 
tricity, with respect to the transformation of force, appears to 
be the disappearance of the electrieal state of a muscle a 
moment when it contracts, or when it is tetaiiized. It appears ' I 
then that the cbemiisal aotious of which the muscles a 
seat, are entirely employed in tlie production of heat and "I 
motion. 

To observe tlieee phenomena, we must malte use of a very ] 
sensitive galvanometer. Suppose a muscle o 
of these inatrumenta; it gives its currents, and deflects the 
magnetio needle a certain number of degrees. When this de- 
viation has been effected, and the needle has become stationary 
in its new position, it is only necessary to produce tetanus i) 
the muscle, and immediately the needle reti'Ogrades towards 
zero. This is what Du Bois Heymoud calls the negative varia- 
tion of the muscular current. The same phenomenon 
observed iu the voluntary contraction of the muscles. 

The interpretation of the negative variation is very i 
portant. Du Bois Reymond having remarked, that for a 
single muscular shock no deflection of the needle from Eero is 
obtained, concluded that this is ou account of the short dtira- 
tion of the electrical disturbance accompanying a shock, 
tetanus, on the oontrary, a series of modifications in the 
electrical condition of the muscle correspond t ' 
shocks produced — their accumulated influence deflects the 
magnetic needle. 

This phenomenon is familiar to physicists. It is known 
that the needle of a gMlvantimeler subjecled to a frequently- 
iuterrupted curreut, lakes a fi.i&l position intermediate be- 
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tween zero and the extreme point whicli it would have occupied 
if the current had been continuous. 

In the muHclee in which the ahoct ia protracted, as in 
the tortoise, a very prolonged change in the electrical atate ia 
produced i and therefore these musclea can by each of their 
shocks cause a deflection of the magnetio needle. It is the 
same with the ntovements of the heart ; each of these appeara 
to be only a tkock of tte cardiac muscle, and yet it deflects the 
magnetic needle in the same manner as tetanua of an ordinary 
muscle. Thia fact, that a negative variation is equally seen 
in a muscle which ia contracted voluntarily, ia of the greatest 
importance. It couflrms the th«ory which asaimilatea con- 
traetion with tetanus, that ia to say, with a discontiououa or 
vibratory action. 

One point which has been long under discussion relative 
to the manifeatations of muscultir electricity, ia whether the 
negative variation is caused by a change of direction in the 
muscular current, or by a trajiaitory suppression of thia 
current. The latter hypothesis has been rendered extremely 
probable by the numerous experiments in which the needle 
of the galvanometer has never beon seen to retrograde beyond 
the siero point. Thus the phenomenon of negative variation 
seems to prove the principle which we laid down at the com- 
mencement of this article, that force is manifested in the 
muscles in a different manner during activity and repose, and 
that the manifestation under the form of mechanical work is 
substituted for that under the form of electricity. 

EUclrie fishes. — Animal electricity appeara in a much more 
atriking form in the dischargee -produced by certain fiahea. 
In this case the special organs have for their object the pro- 
duction of electricity; never thelesa, by their structure, their 
chemical composition, and their dependence on the nervous 
system, these organs remind us of the conditions of the mus- 
cular apparatus. 

The number of species provided with electrical organa 
which was formerly reatricted to five,* haa been remarkably 

■ The five Bpecies fornierlj knowu were the Kaya torpedo, tile Gym- 
notna elEctricus, the Silurus eleotriciis, the Tetraodon electriciu, auil the 
Trichiurus electriciia. 
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increased einco Ch. Robin has shown that all the species of' 
the gieuufi ruy have elei^trical ttpparatua and functioDB 
more or less rudinieutary condition. Besides, the analysis 
of this eingular act, which is called the eleclric disehargt, has 
been better studied, as physicists have thethselves learned the 
different properties of the electric agent. 

la the 1 8tli century, they said, when speaking of the torpedo^' 
that "this firth when it ia touched throws out a hind 
venom which paralyses and benumbs the hand of the fisher- 
man." Muschenbroeck, in the lust century, ascertained the 
electrical nature of the torjiedo's diitcharge, Walsh, in 1 778, 
saw plainly that tike numbness produced by this animal differs 
in no respect from that whicb is caused by the dischar^ of an 
electrical machine. He proved by a great number of experi- 
ments, that the efl'ect produced by this fish is manifestly 
electrical. He subjected the diHcliarge to a series of trials, 
in which it had the same effect as the eleetrioity deve- 
loped by machine. For instance, he showed that the animsl 
might be touched witli impunity, by taking as a medium of 
communication non-conductors of electricity. Besides, he made 
the discharge pass through a chain of individuals holding each 
other by the hand, ami all f«lt the same singular elFeot whiuh 
is produced by the Leyden jar. 

At a later period Davy obtained with the current of the 
torpedo the deflection of the galvanometer, the maguetiaition 
of steel needles placed within a spiral of brass wire traversed 
by the dischai'ge, and the decomposition of saline solutions. 

Becquerel and Breschet verified the same facta in the wi 
of the galvanometer, the current circulating from the back 
the belly of the animal. 

The demonstration of the spark came still later. Fathi 
Linari and Matteucci obtained this spark by breaking iaj 
various ways a metallic circuit through which the current 
the torpedo was passing. Tlie most ingenious process is tl 
of Matteucci, who made use of a file in the following manner 
A metallic plate attached to a brass wire is fixed under 
belly of the torpedo; on its back is placed a file on which tl 
end of a metallic wire rubs. I'lie animal is then irritat 
and one or even several sparks are seen in the dark 



ha ^^ 



OP ELECTRICITT IN ANIMALS. 

jen the wire and the file. The production of the spark 
18 probably effected when the circuit is broken at the precise 
moment of the passage of the torpedo's current. 

The UBe of the file ia clearly seen, since the iriction 
causing the circuit to be closed and broken at very short 
interrals, some of them will necessarily coincide with the dis- 
charge, aa it has but a. short duration. Let us observe, iu 
passing, tiiat the production of two sparks during the discharge 
of the torpedo, shows very clearly that it has an appreciable 
duration, measured at least by the time which has elapsed 
during the passage of the wire across two successive teeth of 
the file. 

A. Moreau succeeded in collecting this electricity on a con- 
denser which allowed him to measure the variatiou of the 
intensity of the discharge by the indications of a gold leaf 
electroscope. We have seen how our acquaintance with the 
electrical phenomena of the torpedo has passed through many 
successive stages, and how the progress of physical inquiry 
has, on this subject, invaded the domains of physiology. 

Nevertheless, the discharge of the torpedo, aa the above- 
mentioned experiments have shown, seems like a kind of 
hybrid phenomenon, iu which the effects of tension machines 
appear to be confounded with those of a galvanic battery. 
We must, by new researches, endeavour to assign the place 
in the series of well-known manifestations of electricity, which 
the discharge of electric fishes ought to occupy. 

Considered in a physiological point of view, this pheno- 
menon possesses another kind of interest. The most recent 
discoveries tend to assimilate the function of this electrical 
apparatus with that of a muscle. If, for example, we com- 
pare the action of the nervous system on the electrical organs 
of certain fishes, with that which the nerve exercises over the 
muscle, we are struck with the following analogies ; — 

The electrical discharges, like muscular shocks, can be 
produced under the influence of the will of the animal; they 
may also be considered as reflex phenomena! excitation of 
the electric nerve produces the discharge, as that of the motor 
nerve produces, the shock of a muscle ; an entire paralysis of 
the electiicul appai'atua tukes place when the nerve is cut, as 
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ill a muBole n-hen ita nerve is divided. Tins paralysia taki 
place also under the influence of cvrart, although thf 
appears to act more slowly on the electric nerves than on th« 
greater part of the nerves of motion. Indeed, the t(ectrie\ 
Utanm, to employ the happy expression of A. Moreau, 
manifested, not ouly when the nerve of the torpedo is sub-j 
jeoted to excitations very rapidly succeeding each other, bui 
also when the animal is poisoned with strychnine or ani 
other tetanizing eubsCance. 

It was natural enough to compare the diflerent cells or 
laminra of the electrical apparatus in fislit^s, with the elemenl 
of the voltaic pile, and following up this idea, to iuquiro whi 
wa« tiie electro-motive power of each of these little elsmenta, 
and what were the effects of tension resulting from th< 
association of these pairs. The foUowiug is the result of 
experiments of Matteucci. 

A portion of tlie electrical apparatus of the torpedo, placedi] 
en rapport with the estremities of a giilvanometer, givi 
birth to a current of the same* order us tliat in the apparatus-- 
of which it formed a part. I'he longer the prism thus 
detached, the move numerous must be the elements of tliis 
kind of animal pile, and the greater the deflection of the gal- 
vanometer at the moment of its diiicharge; tine is produced. 
by exciting the nervous fibre which corresponds with thi 
small portion of the electrical apparatus of the torpedo placedl 
on the pads of the galvanometer. Thus far, the analogy of' 
the electric apparatus with the pile is perfect, since the ejects 
of tension increase with the numlier of elements which ftre 
employed. This analogy holds good with all the electrical 
fishes, when we endeavour to compare the intensity of the 
currents obtained in difi'ereat parts of the apparatus. 

In the torpedo it is found that the discharges are at their 
maximum when we touch the two surfaces of its apparatus on 
the inner side, that is to say, at the thickest part, which ooa- 
taina the greatest number of discs superposed on each other. 
In the gymnotuB, whose electrical prisms have so great a. 
length, it is found that the discharge is stronger still, oil': 
account of the greater volume and number of the elements 
It is proportional to the e:!ctent of space contained between tl 
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nro points wliicb receive this impulse. In the siluTus it is 
' the same ; a much greater impression is made on us when 
we touch different points of the animal at a greater dietauce 
&om each other. 

In fact, we may receive a discharge from a single Burfaue 
of the electric apparatus of the torpedo, by touching nnsym- 
metrical parts, that is to say, points where the number of 
the elements of the pile is not so great, because of the 
different length of the prisms which compose it. Thus, 
although the polarity may be identical on the same surface of 
the apparatus, the fact of the inequality of electric tension 
on the different points of tliia surface suffices to create the 
possibility of a current, and to determine its direction. 

As to the origin of the electric force, we think that no one 
can now see anything in it but the result of chemical actions 
produced in the interior of the apparatus 

But before they arrived at this opinion, physiologists ad- 
vanced many hypotheses as the source of animal electricity. 
Thus, when Du Bois Reymond Lad shown that the nervous 
tissue possesses an electro-motive force sufficiently powerful, 
and that there exisla in living nerves a current in a constant 
direction, it was thought that the voluminous nerves which 
belong to the electrical apparatus of fishes carry electricity 
to it, as tlie blood-vessels supply bloo'd to the organs. Mat- 
teucci has demonstrated that a large lobe of the brain of the 
torpedo is the origin of the nerves belonging to its electrical 
apparatus. He has observed thut it is possible to remove all 
the rest of the brain, without depriving the animal of the 
power of giving voluntary or reflex discharges ; but that it 
can no longer do so when this lobe is destroyed. He has for 
this reason named this the electric lobe of the torpedo. 

When a dying animal no longer gave spontaneous dis- 
charges, it was sufficient, said Matteucci, to touch the electric 
lobe in order to obtain discharges more violent than those 
which the aJiimal gave voluntarily during the state of perfect 
activity. 

Nevertheless, the notion of Matteucci has been exaggerated, 
when this thought was attributed to him, that electricity is 
formed in the bruin of the torpedo, and is coiiveyed by its 
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nerree. It U ns much as to aaj that the motive force Is created 
in the braiu tuid conveyed to the miiHcleB by the iiervi 
motion. The electricity of tlie torpedo has its origin in the 
special organ of this fish — els mechanical work is originated 
in a muscle. When we see the phenomena of electricity 
or of motion prodiicetl, the motive or electric uervee flilfil 
only the duty of transmitting the order received from the 
brain ; but the electricity which circubitca in the nerves is 
not tbat which is manifested so energetically in the discharge 
of the apparatus. It is, sa^s Matteucci liimselF, as if we 
were to confound the effect of the gunpowder with that of 
tlie priming which has been used in order tu fire the charge. 

Thus, the most probable theory is that which asaimilatea 
the electric nerves to those of motion, the discharge to a 
muscular shock, tlie series of discharges to tetanus. 

In order to verify tliis theory, we have endeavonred to 
ascertain* whether the nerves of the torpedo carry out the 
commands of the will with the same rapidity as the nerves of 
moticiu ; if, when the electric appanitus has received the order 
transmitted by the nerve, it hesitates, like the musole, aa 
instant before it re-acts {lost time) ; in fact, wlietber the dis- 
charge of the torpedo, contrary to tliose given by tension 
machines, possesses a certain duration which may be compared 
to that of the shock of a muscle. 

It lias been seen, that heat, cold, the ligature of the arteries, 
and the action of certain poisons modify considerably the form 
and duration of the muscular shock. If experiment showed 
that as to its retardation, its duration, and its other phases, 
the torpedo's discharge correspoiids with the shock of a muscle. 
if it is proved, that in both cases, the same agents prodi 
same effects, we should be right in assinjilating still mora 
completely the electrical phenomena with those of motion j the 
physiology of the former would illustrate, in many points, 
that of the latter. 

During a stay of a few weeks at Naples we have been 
able to sketch out this mode of inquiry, which has furnished, 

* Bee, tor the detnili of tiume eKiieiimeDts, "Journal do . 
de la ph;do1of[ie." 1872. 
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yet inoomplete, but which tend to aaaiinilate the 
itrical with the muscular action. These results aie as 




The rajiidity of the nervous agent in the electrical nerves 
the torpedo seema evidently to be the same as that of the 
U8 agent producing motion in the frog. 
The phenomenon called by Ilelmholtz lost time exists 
n the electric appaiatua of the torpedo, and lasts about 
time as in the musale. 
3. The disoharge of the torpedo is not iaatantaueous, like 
it of certain kind of tension electrical apparahis, but it 
about fourteen hundredths of a second ; which is, 
in a remarkable degree equal to the dm-ation of a shock in a 
frog's muscle. 

We cannot enter here into the details of the esperlments 
which have furnished these results, but we will endeavour, in 
a few lines, to explain the method which we employed. 

Registering apparatus measure the slightest intervals of 
time j this we have seen in spealiing of the estimated rapidity 
of the nervous agent. Bat, in order to employ the graphic 
method, we must have motion to give the required signal. 

Thus, in the experiment of Ilelmboltz, the muscular shock 
itself announced that the order of movement which the nerve 
id to convey had arrived at its destination. 

order to obtain the signal of the electric discharge, we 
employed it to excite the muscle of a frog, the shock of 
wliicli was inscribed on the registering cylinder. 

The trace furnished by the /ro/f signal is somewhat delayeil, 
it is true, after the excitation has been produced ; but this 
delay is a known quantity, and it can easily be taken into 
account. 

The following is the method adopted to measure with the 
ordinary myograph the duration of the different acts which 
precede the discharge of the torpedo. 

In a preliminary experiment (fig. 12) the nerve of the frog 
was directly excited, and a note was taken of the time (c y) 
which elapsed between the instant {«) of the excitation, and 
signal (g) given by the frog. 
u a second experiment the toriiedo was excited, still at tha 
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instuat («), and ^e electricity of its diediarges was C 

by meaofi of couducting wires which sent it to tlie nerve '^ 

tbe/rog signal. This would give its shock at the point ((). 




Tlio diiforeuce {g t) would expreiw tlie time consumed l>y 
ttio torpedo between the oxcitL'tion of ilB nerve and the dis- 
charge. Ity varying the experiment, oa we have done for Ilia 
motive nerves (page 43), wo obtain tlie measure of llio 
rapidity of the elentric nervous agent, and t]iat of the toil tim« 
in tlie torpedo apparatus.* 

Finally, in order to measure the duration of tlie eloctriotil 
action, we hod recourse (o a method which conaistB in col- 
lecting this discharge during a very short time (1-lOOtli of a 
sncnnd) to send it to the/oiy si'jiial, and varying gradually tlm 
instant at which the electricity of tlio torpedo was collected. 
It was thus ascertained that starting from the point (l) one 
might, during 14-1 OOtlis of a second, obtain a series of signals 
from the frog — (', (", l"', t"" , but that beyond that time the 
frog gave no signals, thas proving that the discliargo had 
terminated. 

We have not been able to follow out farther the compari- 
son of the electric with the muscular action ; but, according 
to the results already furnished by experiment, we con foresee 

* Deprived of Rppropriato appamtna, we hnva been ob1i)^I to cnnitnict 
frir ourselves a kind of registering inatrmnont wliWi sIiouW tnoaaure short 
iiitcrvnla of time witli anffiniciit praciaion. Wo refer the roaijer, for thu 
ri'ftl nrrangomoiit of the exjwrimonts, to tlio " .lourtial dw I'miatiiiiiio ct dn 
111 I'liysiulogie," loc. cit. Fig. 12 represents trscinga whi(ili ono would 
oblaiji witb tlie ivgistcting iustrumeuta already knonii. 
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,t new analogies will still show themselvea between theae 
mifestationH of force in living beings, meclianiciJ work 
i eleuti'icity. 



CHAPTER Vn. 
ANIMAL MECHANISM. 



f tli8 forms under wliici meelianical work preaanta itself — Every 

machine must bo constructed with a view to the kind of work which 

o parTonn— CorreKpondflOce of the form of moscle with the work 

which it ai^cotnpliahea — Theory of Borelli — Specific force of musclea 

— Of muchinea ; tbey only chnugo tbe form of work, bat do not 

1 cjuality— NoceBsity of alternate inovomenla iu livinjj 

e powers — Dyoamieal energy of animated motoca. 

B have lingered long over the origin of heat, of 
UecIiaDical work, and of electricity in the animal kingdom, 
in order to establish clearly that these forces ore the 
flame as those wliiph are seen io the inorganic world. Certain 
evident differences must have struck the earlier observers, but 
the progress of science has shown, more and more clearly, 
this identity, which is now disbelieved only by those whoso 
minds are still under the influence of obsolete tbeories. 

Mechanical force, to which our attention must now be 
exclusively directed, has hitherto been studied only in its 
origin; we must follow it through all its aiipliciitions to 
work of different kinds which it executes in animal me- 
chanism. 

In nil the machines employed in the arts we must have 
organs which serve as media between the forces which we 
employ and the resistance wliich are required to be overcome. 
This word organ is precisely that which anatomiata use to 
designate the portions which compose the animal machine. 
The laws of mechanics are applicable as well to animated 
motors as to other machines ; this truth, however, liaa to be 

Kmonatrated, but, like many cthera, it was for a long time 
recognized. 
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Oftfiefoi-mt of mfchnnkai work. — When we have at ( 
dis[)cisal a certain quautity of force, it ia noceseaty, in order G 
utilize it, to collect it under conditions which rary accc 
to the nature of the eiFecta which we desire to produce. 

We have seen that the measure of work actually employed 
is the product of the resistance multiplied by the epac 
through which it has to pass. Such a measure, being thd 
product of two factors, may remain constant if the two &oto 
vaty iaversely. So that a considerable weiglit, nuied to i 
Hlight height, will give the same result of work us a ligbd 
weight raised to a greater height. 

Theae will be two different forms of the same quantity a 
work i but, in this case, the form is of eitreme importa 
In order that the tiiorh applied should bo available, it is i 
cessary that its form should be the same as that of t 
resistiog force — that is, of the wQrk requirvd to be done. 

^ If we have as a moving power a piati)ti of a 8t«am engindfl 
of large diameter and short lougLh, cupaWe of lifting lOOf 
kilogrammes to the height of a centimetre, and that it i 
necessBTy with this generator of force to lift one kilogrnmmm^ 
to the height of a metre, 'n'hioh equally represents a kili>>| 
grammetre of work, the motive force in this macliine oanoc 
be ntilized directly ; for at the end of the stroke of tho pisto 
the weight of a kilogramme will only have been lift* 
one centimetre, and -^"g of the force at our disposal will i 
main unemployed. Every machine, therefore, must be cob-I 
structed with a view to the special form under which 1 ' 
resistance to be overcome preseats itself. 

It is true that by moans of certain contrivances, levers ( 
wheel-work properly combined, it is possible to oau 
tain quantity of work to pass from one form to another, aad| 
to apply it to the resistance to be overcome. But this will 
be the object of ulterior study. We have only to consider i 
this moment the case in which the force is directly applie 
to the obstacle which it has to surmount, which is a vei 
frequent condition in animated motive powers. 

Let us return, then, to the hypothesis in which'the n 
force of the piston of an engine must be applied directly toS 
i restslouoe. tinder these conditions the coustructu 
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pirill Tw careful to give to the Burface of the piston such an 
area, that the pressure on this siarface may be precisely equal 
to the resistance which it has to overcome] then he will give 
to the cylinder such a length that it will allow the piston to 
travel just as far as the resistance ought to move. It is only 
under these conditions that tlie machine will do the desired 
wort, aJid utilize all its moving power. On the contrary, 
in the case in which work answering to a ktlogramroetre 
must be done by lifting 100 kilogrammes to the height of a. 
centimetre, the cylinder must be made so largo that the pres- 
iteam on the surface of the piston will develop an 
100 kilogrammes, and such a length only must be 
the cylinder, that the movoment of the piston may 
centimetre. 

One cannot substitute one of these forms of cylinder for 
the other, for in one case the force would be insufficient, and 
in the other, the range would be too restricted. 

The only thing which is equal in both is the amount of 
work that the two machines can do, that is to say, the pro- 
duct of the force employed multiplied by the space passed 
through ; this is again the product of the surface of a section 
of the cylinder multiplied by its length, or, in other terms, 
it is the volume of steam contained in each machine, this 
vapour being supposed to be at an equal tension. 

This proportion of the volume of the matter which works 
to the work performed, ia found in every case in which a 
moving force is employed. 

Two masses of lead falling &om the same height will do 
work proportionate to their volume, or, which is the same 
thing, to their weight. Two threads of india-rubber of the 
same length, both of which have been stretched to the same 
degree, will do work proportionate to their transverse sec- 
tions, and, consequently, to their respective weights. Lastly, 
two threads of the same diameter, but of unequal lengths, 
after having been subjected to the same elongation in pro- 
portion to their original lengths, will, as they contract, do 
work proportionate to their respective lengths, that is to say, 
(o their weight. 

This loads to the consideration of muscle, which conforms 
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rif^roualy to the general laws which we have just enunciated. I 
The larger a nius<:le is, that is to say, the more exteueive u I 
its surface, the more eueceptihle it is of considerable efforts J 
lint, on the other hand, a muscle contracts only in proj)ortion 1 
to its own length. We may oHtimute that the mean shortening ' 
of a muscle while controcting, when it is not detached &om 
tlie animal, is about a third of its length when in repose. It 
follows that the work done by a muscle will be in proportion 
to its length and its trausrerse section ; that is to say, to its J 
Tolume or to its weight. 

Thus, it is possible to asceTtain, according to the anatomi- ] 
cal characters of a muscle, what is the force whioh it poa- ' 
eeases, relatively to that of other muscles of tlie same animal, 
aud what is the form under which its work is done. 

The substance of the muBclea, that is to say, of red 6 
presents the same density in the different parte of the animal J 
frame ; in consequeuM of which the weight is the most exact. I 
and the most cx|)editious method of estimating the relative J 
importance of two masses of muscle, aud of predicting the J 
quantity of work which they are able to execute. 

As to tlie form under which muscular work must h6 pro- 
duced, it is deduced not less easily from the form of the I 
muscle. If it be thick and short, it sliould produce a strong I 
effect multiplied by a short range ; if it be long and alendar I 
it will have a more extended range, but will only develop I 
feeble energy. 

There are many examples in proof of this law which I 
regulates muscular action — the stemo-mastoidal, the earto- I 
rius, and the rectus abdomiuis, are muscles of a long range, J 
or, as it may be otherwise expressed, having a great ex- ' 
tent of movement ; they have a fleshy portion of greater I 
length. The large pectoral muscle, the gluteus maximus, -T 
or the temporal muscle are large and short muscles, that! 
is to say, capable of a considerable effort, but of slight J 
contraction. 

Borelli already understood the laws of muscular force; 
without the intervention of the notion of work, which was not J 
intniduoed into mechanics at the time when ho lived; 
made a very ilear distiuction between these two upposite] 
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cIiarnctoristicB of the action of a muscis according to the 
impulse of ils volume or its length. And as a theory ia 
always required to satisfy the mind, this author Bought to 
interpret these different effects by a theory of the struclure of 
the muscles. 

Let us imagine, said he, a minute chain of metal formed 
of circular elastic rings, and that an extensile force should be 
exerted on this chain. Each riug will change its shape and 
assume an oral form, and the whole chain will be lengthened 
in proportion to the number of its riuga. When it recovers 
itself, under the influence of elasticity, the chain will grow 
shorter again in proportion to its length. The minute chain 
of Borelli is the primitive fibre revealed to us in the animal 
economy by the microscope. But, said Borelli, if we form a 
bundle of a great number of these chains, each one of them, 
will resist the extensile force in proportion to the elasticity of 
its rings, that is to say, the thickness of the bundles, and the 
force witli which the extended tundle will recover itself will 
be in the same ratio. 

We do not reason otherwise now that histology has shown 
us, in a muscle, a bundle of fibres whose actions are com' 
bined like the chains suggested by the Naples professor. 

Passing to other considerations, this author studied the 
influence exerted by the direction of the fibres on the force 
which they develop. He remarked that the muscles whose 
fibres converge obliquely on the aaine tendon, like the barbs 
of a feather on the central shaft, afford neither a range nor 
an effort proportionate to their length and their sections. We 
have no modification to mahe of this estimate of the composi- 
tion of forces in the muscular organ. 

Oftht specific JorcB oj muscUg. — In the machines constructed 
by man, it is not enough to measure the longitudinal and 
transverse dimensions of the cylinder, in order to know what 
quantity of work each stroke of the piston will develop ; we 
must also know under what pressure the steam acts. That 
is estimated by the number of atmoB[pheree it can lift as it 
eBcai>es. At other times the force of the steam is measured 
iber of kilogrammes of pressure which it exerts on 
iTcry square centimetre of the aui'fuce of the cylinder. In 
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every case it is an estimate of the specific force of a certain i 
volume of eteam which is to be determined, j 

In the same manner, in hydranlin maeliiuea, we must knov 
the charge of watcp or its preseure, in. order to ascertain the 
work which the machine can perform, I 

Phjaiologiste have oiao sought to determine the Bpecifio j 
fbrce of muscular tissue in different animals, and to compare 
vith the unit of transverse section of muscle llie etfort which 
it con make. In this maimer they have estimated that the j 
f the frog would develop an effort of 692 grammes I 
(E. Weber) foretu'h sqiiareoontimetre of section ; that human I 
muscle would develop 1087 (Hosier). In tlio bird the force | 
. would be about 1 200 (Marey) ; in the insect it would be still 
greater (Plateau). 

According to Straus Durkheim, a musiile of the etfig-beetle | 
I weighiug 20 centigrammes would carry, if we measure the i 
I nioiiieut of power and that of rcsistiiuco a weigjit of seven | 
' kilogrammes. , 

By such estimates as these, we might (compare animated 
moving powers with machinoa working under variable pres- 
suree. The frog, we might say, works with a pressure less 
than one atmosphere, man with a pressure greater than one 
atmosphere. There would be a greater pressure in the bird, | 
and still greater in the insect. 

0/ macliinei. — When mechninical force cannot bo directly | 

I utilized, because it is not lu harmony with the form of work 
which it ought to effect, various means are employed in the 
arts to trausCorm it. Machinery known under the names of 
wheels and levers are continually used for this purpose. Iq 
the auimol organism contrivances are also found which change 
the form of the work of tlie muHcles. ITie lever is almost 
exclusively used by nature for this purpose. The arrange- 
ment of the bony levers which form the skeleton is so generally 
known that it needs no explauation hero ; but there is a very 
common error on this point, even among physiologists, which 1 
it is necessary to point out. 
Almost all the levers which nre found in the organism belongs I 
to the tliird order, that is to say, wliere the muscular force is I 
applied between the fulcrum and ihe resistauce. Under tbeae | 
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aa, the effort that can bo developed at the extremity of 
the lever is less than that of the muscle ; but the space passed 
through by this extremity of the leirer is proimrtioiiately 
increased, so that the product of the force multiplied by the 
distance remains the same. 

Thus, we find in a great number of standard treatises, a 
sort of accusation brought agaiast nature, for having entirely 
wasted a great part of the force of our muscles by causing 
them to act under a disadvantageous leverage. It is true, 
that to extcnuata _this fault, they are willing to grant that 
this arrangement, unfavourable in an economical point of 
view, gives to our muscles an elegance which they would not 
have possessed, if for example, a long muscular band had 
extended from the sternum to the wrist. These mechanical 
and lesthetic notions ought to give place to more correct ideaa. 
We must, above all, remember that a muscle produces work 
corresponding to its volume or its weight, whatever may be 
the proportions of the lever to which it is attached. The 
effect of the latter is only to regulate the form under which it 
produces the work, without adding to it or subtracting from 
it. An error of the same kind js often committed in con- 
sidering the part played by levers made use of by man in hia 
work. It often happens that human force is unable to raise 
certain weights; we have recourse in these cases to levers of 
the first or second order, in which wo increase the power of 
the arm in the ratio of the longer to the shorter arm of the 

In this manner we utilize a motive force which could not 
produce external work if we endeavoured to bring it to bear 
directly on the resistance to be overcome. But a lever which 
amplifies the force exerted, diminishcH as much the extent of 
the work produced; it adds nothing t« the work executed by 
the motive power. 

Before the notion of work had been introduced into 

piechanics, and when it was not clearly understood that it was 

FimposBible to increase by mechanism the amount of force at 

' Our disposal, many false ideas were entertained with regard 

to the part played by machinery. When we consider those 

giguntic masses of stone the pyramids of Egj-pt, or those 
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enoriiiouB blocks, colled dolmeus, which our forefiilliers I 
erected in proluaCorio times, it was admitted that thesQ 1 
Titanic works pre-supposed a very advanced knowledge of 1 
mecliantam. Eveu now it would require an immeuse timey f 
or tm army of workmen, to execute similar works by employ- 
ing; only tiie force of man and that of animals. 

We must not imagine thnt the old Gauls or auoient^ 
Egy[)tiau8 wore able to escape from the inevitable necessity of n 
emplsying many men or on enormous lapse of time in theao 
labours at the period when the only source of mechanical 
work was that derived from living bolnga. 

But we live under new and better conditions, thanks to . 
the invention of machinery which develops mechanical work. J 
In addition to the utiliiiatiou of natural motive powers, suclt I 
as water courses and wind, man is now able to employ steam ' 
engines, by means of which a small quantity of fuel does the 
work of a great many animals. It is by these means that 
Egypt has succeeded in a fow years in cutting through the 
Isthmus of Suez, an Qnteq)riM9 which, four thousand years ago, . 
would have absorbed the efluTta of many generations. 

Necemtij of alUrnaU motion in livinif motivt powen. — Wheo I 
the piston of a machine has reached the end of ita stroke, the I 
steam which impelled it must escape, and the piston muab 1 
return in the opposite direction to accomplish fi-esh work. 
In the same manner, the muscle, aflior having contracted,- I 
must be relaxed in order to act a&esh. Rut mechanicians I 
have found that iu the altoruats movements there is a loss <^l 
work. When a heavy object impelled forward with rapidityM 
has to be brought back in the opposite direction, it is neoefl> i 
sary first to destroy the work which it contains, so to speak, -I 
under the form of active force. Precisely iu the same mai 
when a limb suddenly extended is required to be rapidly bent^ J 
the momentum acquired must first be destroyed; to do whidta 
requires an expenditure of work. 

To guard against this loss of motive power, meohanioiantt^ 
have recourse, as much as possible, to the employment otm 
circular movements instead of motion to and fro. Thus, mail'| 
who is so often inspirod in his inventions by the arrn 
mcnts of which ualuiu offers him examples, deviales in tiiiM-t 
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tse from Lis model ; he endoavoiira to surpass it, and lie is 
right. To make this imderstood we cannot do bett«r than 
quote a passage in which L, Foutault compares the screw- 
propeller of ahipa ta the organs of swimming in fishes : — 

" In our macliines," said )ie,* " we have usually a great 
number of parts entirely distinct one from the other, which 
only touch each other at certain points ; in an animal, on the 
contrary, all the parts adhere together i there is a connection 
of tissue between any two given parts of the body, Tliia iq 
rendered necessary by the function of nutrition which is 
continually going on, a function to which every living being 
ia subject during the whole of its existence. We can, besides, 
understand the absolute impossibility of obtaining a con- 
tinued movement of rotation of one part on another, while 
still preserving the continuity of these two parts." 

Thus, a ptofoimd difference separalfls mechanisms employed 
by nature from those invented by man ; the former are sub- 
ject to special requirement from which the latter can be freed. 
The muscle can only act under the condition of being attached 
by its vessels and nerves to the rest of the organism. No 
portion of the body, not even the bones themselves, which 
have the least vitality, can be tree from this necessity. 

One might find, in the animal organism, many other 
mechanical appliances, the arrangement of which resembles 
that of machines invented by man, but with differences ever 
of the same kind as those which we have just described. 

For instance, the circulation of the blood is effected in living 

"ngs by a veritable hydraulic machine, with its pump, valves, 
pipes. But the fundamental difference between this 
complicated mechanism and machines constructed by man, 
arises from the alisence of independent portions, and especially 
of the piston. The heart is a pump without a piston, and its 
variations of capacity are obtained by the contractility of 
the coats of the vessels themselves. With the exception of 
this difference, we find perfect analogies between the circula- 
tory apparatus of animals and hydraulic motive powers. The 
function of the valves is identical in both in spite of apparent 
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Wo have formerly noticed in the circulation of Ihe blood an ^ 
iiilluenoe which regulates and iscreaeeB the effective work of the 
cardiac pump ; it depends on the elasticity of the arteries.* 
lu like maimer, in hydraulic maohinea, man has recourse to the 
employment of elastic reservoirs, to utilize more fully the work 
of pumps, and to render uniform the movement of the liquid, 
not witi I standing the intermittent character of the motive j 
power. This elfect may be compared to that which we hava 
before remarked in the elas'^'-ity of muscles. 

Dynamic encTijy of animiited motori. — Animated motive 1 
powers and machines are subject to the same estimation gf 1 
work ; it is the dynamic energy of Ihe former as compared [ 
with the latter. 

The production of external work corresponding to 76 kilo- \ 
grnmmetros per second, has been culled the korgn-power, or, 
in more general terms, the motive power of one horse. It bein^ 1 
supposed that one horse could develop the same amount ^ | 

But animal motors cannot work incessantly, so that the j 
linrse-powcr would represent at the end of the day a muflb 1 
. greater amount of work tlian the animal could have produced, 
had it been employed as a motive force. 

Man is estimated much lower as to his dynamic ene 
(y5 of a horse-power), and yet, if we only require from the -J 
niuseular force of a man an effort of short duration, it will J 
furnish dynamic energy exceeding that of a horse-iwwer. In ■] 
fact, the weight of a man is often more than 75 kilogrammeBjl 
each time that the body b raised to the height of a metrefl 
per second, in mounting a fitaircase, the man has effc 
during this second the work adequate to one horse-power. ^ 
And if, during several instants, ho can give to his ascent the j 
speed of two metres per second, this man will have developed 1 
the work of two horse-power. 

Thus, in our estimate of the work done by the greatest of I 
the smallest animals, we must consider it as a multiple or s 
fraction of the ordinary measure of horae-power. 

• " Phjeiolugiu jnWicale du la circijntiou du aaug." 
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ftiHuh tiiuscle of the body presents, in its form, a perfecit hHitnony witU Hie 
nature o[ the nets which it has to perfonn — A similac mnscle, in 
different apeuifls of Bnimala, prEsenta diffarenceB of fonn, if the 
IriDGtioD which it has to-fnlBl ia these different species ia not the 
same — ^ Variety of pectoral muscleH in birda, according to tlieir maoner 
of flight— Variety of muscles of the thigh in mammals, according to 
thair mode of locomotion— Wus this hivrmony pre-established I — 
DeTelopment hy[iothesiB— Laiunrck and Darwin. 

Thb comparison between ordiaary machiueB and animated 
motive powers ■will not have been made in vain, if it has 
shown thait strict relations estst between the form of the 
organs and the characters of tbeir functions ; that this cor- 
respondence is regulated by the ordinary laws of mechanica, 
eo that when we see the muscular and bony structure of an 
animal, we may deduce from their form all the characters of 
the functions which they possess. 

It is known that the tranaverae volume of a muscle cotrea- 
ponds with the energy of its action; that the athlete, for 
instance, is recognized by the remarkable relief in which each 
of his muscles stands out under the skin. But less is known 
concerning the physiological siguiRcation of the length of 
the muBcles, that is to say, the less or greater length of 
their contractile fibres. And yet Borelli has already given 
the true explanation. In his opinion, as we have seen, this 
leng;th of red fibre ia proportioned to the extent of movement 
which the muscle is fitted to produce. 

This distinction between the contractile or red fibre and 
the inert fibre of the tendon is of the utmost importance. 
Experiment has shown that the muscles when they contract 
shortened to an extent which represents a constant frac- 
>tion of their length. We may, without erring trom the truth, 
itimate at -^ of their length, the extent to nhich a muscle 
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contract. But, vhatevGr may be the absolute vulue of 
this contraction, it la always iii proportion to the lengtU of 
red fibre ; that is the result of t}ie uature of the phenomena 
which produce work in tlie muscle. 

ThuB, every muscle whoee two points of attachment are. 
BUBceptible of being much dieplacod by the efiiict of coutrac* 
tion, must uecesaarily be a loug muscle. On the contrary, 
every muscle which has to produce a movement of ahcnt 
extent must of nocosaity bo a short musculo, whatever may be 
the distance which separates the two points of attachment. 
Thus, the flexors of the fingers and toes are short muscles ; 
but they are furnished with long tendons, which convey oven 
to the phalanges of the fingers or toes the slight movement 
originated at a considerable distance at the fore-arm or the leg. 

It is easy to estimate, in the dead Iwdy, the extent of the 
displacement which a muscle can exercise on its two points of 
attachment. By producing the movements of flexion or 
extension in a limb, we van uscertoin with sullicient exact- 
ness the extent by which they separate or draw together tho 
osaeoua attachments of its uiusi'les. In a recent skolalou wa 
can also judge with siifHtieut accuracy of the amount of thesa 
movements by the extent to which the articulated eurfacea 
can glide over each other. 

In examining the muscular &ame of man we ore atruck 
with the extreme length of the saTloriut muscle ; it is eaey 
to bo seen that no other can displace to such an extent its 
points of bony attachment. The sterno-mastoidal and the 
tnaijnui recttit ahdoininU are, after this, the longest musclea ; 
these also are muscles which have very extensive movementa. 
We might thus cause all the muscles of the organism to pass 
under review, and in them all we should see that the length 
of the red fibres corresponds with the extent of the movement 
which this muscle has to execute. But, in the study, we 
must be on our guard against a cause of error which would 
tend to arrange certain short muscles among those wliich ara 
longer. 

Borelli himself has noticed tliis cause of error; ha haa . 
ahown how peiini/orm muscles, that is to say, those whoae I 
fibres are inserted obliquely into the tendon,- like the barba of .] 
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fiiadier iato the common sliELft, ore short muscles which 
appear like long ones. Theae considerations are indis- 
pensable -when we wish to understand the action of the 
various muscles of the organism ; it is only by this means 
that we can estimate the real leugth of their contractile parts. 

Though the harmony between the form and the function of 
different muscles ia revealed everywhere in the anatomy of the 
human frame, this harmony becomes much more striking if 
we compare with each other different species of animals. 
Comparative anatomy shows us, in species closely allied to 
each other, a singular differeiice ia the form of certain 
muscles whenever the function of tlieae muscles varies. Thus, 
in the kangaroo, essentially a leaping animal, we find an 
enormous development of the muscles of leaping, the glutei, 
the triceps extensor cruris, and the gastroeiiemial muscles. 

In birds the function of flight is exercised under very dif- 
ferent conditiomi in different species ; so, also, the anatomical 
nrrangoment of the muscles which move the witig, the pectoral 
muaclei, varies in a very decided manner in different species. 
To show the perfect harmony which exists between the func- 
tion and the organ, it would be necessary to enter into long 
details of the mechanism of flight. The reader will find, 
farther on, explanations on this head. We will content our- 
selves with giving in a few words the differences which have 
been observed in the movements of the wing, and in the form 
of the muscles which produce them. 

Every one has remarked thnt birds which have a large 
surface of wing, as the eagle, the sea-swallow, &c., give strokes 
of only a slight extent ; that depends on the 'great resistance 
which a wing of so large a surface meets with in the air. 

Birds, on the contrary, which have but very little wings, 
move them to a great extent, sind thus compensate for the 
elight resistance which they meet with from the air; the 
guillemot and the pigeon belong to the second group. If it 
be admitted that the first-mentioned birds must moke 
energetic but restricted movements, and that the second must 
move with leas energy, but with greater amplitude of stroke, 
the conclusion arrived at musb necessarily be that the first 
ought to have Iwge and short pectoral muscles, while in the 
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, wmple inspection ■ of the steraiiin in different species; for 

this bone measures, in some degree, the leiigth of the pectjsrol 

muscles which, are ludged in its Literal cnvities. Thus, birds 

with long wings, havo a wide and short sternum ; the others 

^^—Jiiive cue wliich is long and slender. 




The comparison of homologous muscles in mammals of 
different kinds is not less instructive under tlie aspect iu 
whiL'h we are now cimi-iiieriug them. But one is often em- 
barrassed in this comparison by the diffluulty of recognizing 
the homology. The dlacrepiiuuies are sometimes so striking 
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that anatomiata have described under v 
muBcle in different Bpetiee. 

Still, in tlie grealcr number of oases, the homology is not 
doubtful; it IB implicitly admitted by the fact of an ideiitiee" 
doNignation being upjiliad to certuin " 

e|)euies. These are precisc^ly the niuBcles which we bIieUI takel 
far an example, to show the harmony whith exiefs betwoeal 
tbo function and the organ. 




Thus the femoral bicepi ia easily recognized in all tnani' 
inals ; and it varies oonBiderably, especiiilly in its lower attach- 
ment. In certain quadrupeds it is inserted all along tlie 1^, 
almost to the Leel; in these animals the leg is never ex- 
tended upon tlie thigh ; in animals which have the power of 
leaping, the lower attacUmenta of the blc'eps is more elevated ; , 
it is still more eo in the aiiuiie, which can almost pxtend' 
the leg u^Kin Iho thigh and stand upright. In man the biceps: 
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^^^% iiisei-ted high in the periuECiiTii. If one can rely on the 
anatomical plates of Cuvier and of Laurillurt, the aegro haa 
the perineeal iDsertion of the hicepe not ao higli as in the 
white mau, thus approximatiBg to its position in the ape. 

Neglecting at present the qu«stion wLy there ehould be 
this variety in the attachment which regulates the motion of 
the Iiiceps, let ua content ourselves with considering the con- 
sequences which this arrangement may have upon its function. 
It is clear that during the movement of the flexion and ex- 
teuaion of the knee, eacli portion of the bone describes around 
this articulation an arc of a circlG which is larger as it recedes 
from the centre of motion. It is equally evident that each of 
these points will move to a greater or leaa distance from the 
femur or the ischium, according to the extent of the circtilai 
movement which it executes. And as great movements should 
correspond with long cuutractile fibres, we ought to find 
inequalities in the length of the biceps in different mammals. 
This is precisely what is observed. In man, whose biceps 
has its lower insertion very near the knee, the extent ot the 
movements of the moveable attachments is not very consider- 
able; so the contractile fibre will have relatively little length, 
wliile the tendon will occupy a certain part of the extent of 
the biceps. In the ape, the inferior attachment of the muscle 
taking place lower down will consequently have greater mo- 
bility; whence the necessity of a greater length of active 
muscle, which is eifeoted by the tendinous part being shorter. 
In quudrupeds the tendon of the biceps almost entirely dis- 
ep[>ears, and the muscle is fornaed of red fibre throughout 
almost all its extent. 
11 The rectus intemus muscle of the thigh presents the same 

I^^V Tnriability in its attachments and its structure. If we observe 
^^P its arrangement in man (fig. 16), we see at once that the 
j^K^ attachment of this muscle to the leg is very near the knee, 
and that its tendon is very long. Let us examine the same 
niuBcle in an ape (figs. 17 and 18), we find that ifa tibial 
attachment is miicli farther from the knee, and as a conse- 

I^uence of the more extended movements which this attachment 
executes, we find that the muscular fibre gains length at the 
^peuse of that of tbe leudou, whicii is extremely short. 
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Tliia variability in i.lio point of attncliment is Btill Tcrj.J 
noticeable in tbe sniiii-undinoaut iniiRcle, wliii'li deriree ibi 
name from the fact that In man, about half of the leng;!' 




Fid, ia,~Mu!clr» ol .... „ 

tliu VfCtifa iut^Tnrm Hk\»w}, an darkly iluded, tint tiicy mny nu im-rv 
cull]' nnuiEtiiiiiKl. The isatiu tiituniiu 1*. M Ita lowor ncrDiuity. pm- 

wiult1» (llahli uitsut otinavomaiit )n tbia uux^e. tha Httiuhmoiit of 
wblm li Tuiy >'l«a to tlis knee. Tho mrtorliu mumls 1* proflded wltli 
a ituni tondoD at Ita Infaiior atUcbmfrDl, 

of tlio muscle is occupied by the tendon. In fact, the infeiiiiV 1 
attucliments of the semi-tendinosus in man is very close to the f 
articulation of the koco, but in apes, where it ia atte^bed I 
lower down, the muiwle baa almost entirely lost ita tendon ; « 
it is alto^ther lost in the greater part of otlior mammola, ]* 
the Cooita, for example. 
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H^V "We might multiply indefinitely examples which, prove the 

mr " perfect harmony between the foim of tiie miisclea and the 

characters of their functions. Everywhere the transverse 

development of these organs is asaociateil with strength, as 

in the triceps of the kangaroo, or the masseters of the liou ■ 
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irywhere also, the length of muscle is connected with the 
extent of niovement, as in the examples which we have just 

Is this harmony pre-estahlished, or rather is it formed under 
the influence of function in different creatures ? In the sa 
■manner as we see the niuaclea increaao in volume Ijy the 
|liaLit of employing energetic efforts; we also. observe them, 
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under the influence of more extomled movements, acquire i 
greater length ? Can we see a. diaplacetiient of the tAndinoi 
attuchmcDts of the muBcIcB tothe skeleton, uuiler the influenof 
of changes iu the force of muscular traclioo ? Such is the m 
problem which we propiiso ti> oumelveH, and whiuh experimei 
should he ciilled ou to deterjiiiiio. 




Kia IB.~HiihI« of ths thigh of th« CoalM Reotus lutsmiu, lapor 
At A dlitAncw from the knflD, Almuflt Dntfitily wEfhuiit tondati- ' 
ortoriiiH hnlnn flu euporinr Bttiichimnit var; fur from Iho eute-Iatu 
HTtlciilxtlnii, hiifl YU17 QilonJed luuVDioviitt ; It jKriiiMiaii Iti cuiuc<)1wl 
It gronc iDUgth ufrod Hbro, and nat of tsudoD. 



.flPMENT TIIEORT. 



The natural sciences have derived at the present diiy J 
grent ImpulBQ from Uie influence of the ideas of Durw:' 
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Not that the opinions of the illustrious Englishman are 3'et 
univeraaUy accepted ; it has been recently seen with what 
vehemence the defontlera of the prevalent theory reject the 
development hypothesis. But the appearance of the Darwinian 
theory has excited long diacussiona ; to the argutneuts which 
Lamarck formerly brought forward in favour of the vari- 
ability of living beings, many others have been added by tlie ' 
partizana of development. On the other aide, the old doctrine 
bos been maintained with a passion which was little antici- 
pntcil, so that at the present day, naturalists are divided into 
two campa ; almost all who have devoted themaelves to tlie 
study of zoology or of botany have taken one side or the other. 

In one of these camps we find that the old achool, those 
who eonaider the organized world almost unchangeable, have 
retrenciied themselves. According to them, the very numerous 
series or animals and plants is limited to a certain number of 
gpecies, unalterable types which have the power of transmit- 
ting themselvea through successive generations, from their 
origin to the end of time. It ie scarcely admitted that the 
species has the power of departing even slightly, and in a 
temporary manner, from the primitive type. Those slight 
changes, which are brought about by variations of climate or 
of food, by domestication, or some other disturbing force of the 
same order pass away when the npecies is again placed under 
tlie normal conditions of its existence. The primitive type 
then re-appears in its original purity. 

In the other camp the belief is entirely different ; the living 
being is incessantly modified by the medium which it inhabits, 
the temperature which it finds there, and the nourishment 
which it procures. The habits which it is forced to assume 
in order to live under new conditions cause it to acquire 
special aptitudes which modify its organism, and change the 
form of its body. And because hereditary descent transmits 
to descendants, within certain limits, the modifications acquired 
by their ancestors, the species is modified by degrees. Lamarck 
was the author of this theory of development, to which Darwin 
and bis followers have recalled the attention of naturalists. 
Darwin adds to these external influences, which can modify the 
species of animals, another cause which maintains and Ji 
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th6ae RiodificatiooB continiiallj, when ttiej are advantageotu 
to the species. Tliis cause is nntunil selection. 

If the chnncea of birth liave given tii certain individuals 
Blight modification which renders them stronger 
active, as tho case may be, but altogether more fitted 
tain ths struggt* far existence, these iuiHviduala are destined by 
that very circumstance to reproduce their kind. Not only does 
their physical superiority increase their chance of longevity, and 
give them by that means more time to multiply, but, accordinj 
to Darwin, the very existence of a physical superiority ' 
animal causes it to be preferred above others, for the 
of reproduction. Thus the entire species would 1>e ii 
by Buccoasive acquisitions of new (jualitios every time that aa' 
individual happened to be Ixim with better endowments than 
the other representatives of this species. 

The struggle between th& old school and that of dcTClopment 
threatens to endure yet a long time, without either side finding 
a victorious argument to overcome the other. Every one 
knows the reasons which have been alleged on both sides, and 
for which, in their turn, geology, archfcology, zoology, and 
agriculture have lieen laid under contribution. When and 
how will the strife end ? Xo one can as yet answer this ques- 
tion. Yet, if one might venture a prediction as to the issue 
of the combat, founded on the actual altitude of the adverae 
parties, one might predict the defeat of the old scfaooL Their 
ranks are, in fact, thinned every day; they evidently grow 
discouraged, and seem to avow their inability to furnish proo& 
of a scientific character, by sheltering themselves under an 
orthodoxy that has nothing in common with the dispute. 

One objection might perhaps be brought against both 
systems — that of keeping too much to generalities 
discussions, and not bringing sufliciently into relief tlie proi 
nent points of the debate. 

Thus, we must allow that Lamarck is much too vague 
his explanations, when he attributes to outward ciroumstnnt 
the changes in the living organism. Between a need whii 
is manifested and the appearance of a form of organ whii 
corresponds to that need, there is a hiatus which his thi 
Itaa uot filled. He tells us that the auimuJ species which 
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now see, so admirably adapted, each to the kind of life which 
it leads — provided, aoeordiDg to their necessities, with claws 
or hoofs, winga or fiuB, sharp teeth or homy beaks — have 
not always lived under this form ; that they have gradiiBUy 
acquired these diverse conformations, which are at present in 
perfect harmony with the conditions under which they live. 
But, when we ask him to show us a modification of this kind 
in process of accomplishment under an external influence, the 
author of the "Philosophie Zoologique" has little wherewith 
to furuish us, except modifications of slight importance ; he 
objects that scientific observation does not go far enough back 
into the ages of the world. If we open the tombs of Mem- 
phis and show Lamarck the skeletons of animals identical 
witt those which live in Egyj)t at the present day, he replies 
without being disconcerted: "It is because these animals 
lived under the same conditions aa those wliicii exist at the 
present time." Tiie answer is as good as the attack, but 
proves nothing. We might carry ou the discuHaion for ever 
ou such grounds as these. 

Darwin is more precise when he pleads in favour of natural 
selection. There is no one at the present time who does not 
adn)iC the enormous power of selection in modifying the type 
of organized heinge. Breeders have produced the moat 
curious transformations iu the animal kingdom, by choosing 
continually for the purpose of reproduction, individuals pos- 
sessing in a high degree the physical characteristiea which 
they desire to impress on the race. Selection produces in the 
vegetable kingdom transformations of a similar kind ; so that 
Darwin has, without giving way too much to hypothesis, 
attributed the principal part in transformation to a selectioa 
which is made naturally, for the reasons that have just been 
given. But Darwin, as welt as Lamarck, only considers imder 
a restricted point of view the causes of the transformation of 
organized beings. Each of the two chiefs of this doctrine 
gives the greatest prominence to the cause of variation which 
fill first has pointed out. 

The new scliool which, by a judicious eelecticism, endea- 
vours to make a due partition between these two kinds of 
iuflaeuccs, in order to explain by successive transform ations 
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the Btirprising variety of living beings, has already fumiJ 
iinpnrtjint arguments in favour of dttvelopment. Kut manj' 
tiivaiiU look witli suapitioa on these studies ; tliey conaidflr 
tliat the immutability and variability of animal epecies belong 
to the domain of insoluble queatiuaa. 

It is true, that if we ask the partiznue of development to 
prove esperi men tally tlie reality of their doctrine ; if we 
require of them, for example, to transform the hsj speciea into 
the horae or anything analogous to it, they are forced to avow 
their inability, and they rejily that it is necessary, in order 
to effect this, to exercise modifying influences during milliona 
on millions of years. It must indeed Lave been by very slow 
transitions that the variation of epecies has been efieoted, if it 
indeed has taken place. ConHequently, in the absence of 
experimental solution, the development hypothesis can neitlm' 
be proved nor refuted. 

Learned men, whose minds are habilitated lo rigorous d«> 
monstration, are not interoated in such questions ; they hava 
no scientific value in their estimation. And yet science meat* 
with such every day. Wlien an astronomer studies the io- 
Huencea which may cause tlie heavenly bodies to move mora'. 
slowly ; when he predicts a modification of the orbit of ths 
earth after the lapse of some millions of years, or a lengthen- 
ing of the period of rotation of our planet — changes which 
would uifect all the inhabitants of the earth with a mortal 
chill — this philosopher is liuteued to. When he epeaks of n 
cause, however slight it may be, of the retardation of a 
planetary movement, every one understands that if this cauH^a 
should continue during many ages, its efieots will be ess^i;- 
gerated by the lapse of time. No one tella this nstronomux 
to wait till some millions of years have proved the accuracy of 

Why should we be more unjust to the theory of develop- 
ment? It cannot, it is said, bring before our eyes the trans- 
formation of one animal into another. This is true, but it 
may show us some tendency to this trausfornmtion. However 
slight it may be, yet accumulating more and more during; 
many ages, it may become as complete a transformation m 
we can iuiugiue. 
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_ we have a right to demand of the advocates of 

development, even now, is that they should show us this 
tendency ,■ that they should bring it before us under the form 
of a slight variation in the anatonsical charactera of individuals 
when exjiosed to certain influences, which continued from 
generation to generution, would in the end produce the most 
important modifications in the epeciea. No one denies that 
thti morphological characteristics of individuals are transmitted 
in different degrees to tlieir deaceudauts. The point which 
is to be demonstrated is the manner in which an extemul 
cause acts in order to impress on the organism the primary 
modification. Researches of this kind belong to experimentiil 
physiology, and this science may even now furnish ua with 
some reliable arguments. 

At the time when Lamarck lived, scientific logic was not 
K'tctv exact in its requirements. In his opinion, a want which 

s felt, origiuated the organic conformation suited to satisfy it. 

A certain bird which was in the habit of seeking its food 
' at the bottom of the water, made constant efforts to lengthen 
its neck, and its neck grew longer ; another bird wished to 
advance as far as possible into the waters of a pond without 
wetting its phimage ,- the efforts which it made to extend its 
legs gradually gave them the proportions observed in the 
wading birds (Grallatores). The giraffe, attempting to feed 
on the foliage of trees, gained by this exercise cervical vertebrro 
of a surprising length. 

Lamarck, certainly, attributed to hereditary descent the 
function of accumulatiug coutiaually for the profit of the 
species that which, each individual had acquired for his own 
benefit ; but he did not show what the slight acquisition 
was which was made by the iudividual himself, uuder the 
. influence of external circumstances, and of the habits which 
he was forced to acquire. J, Hunter reasoned in a similar 
manner in soienoea of a different oi'der. Wlien he wished to 
exx>lain the cicatrization of wounds and the consolidation 
of fractured bones, he recognized the necessity that new tissue 
should be' supplied by tlie blood; but why did the blood 
carry these elements to the parte whicli needed them ? " It 
was," said he, " iu virtue of tlio stlmubis 0/ neees^it'j." 
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We seek at the present day to state with precision the rela,- j 
tion between causes and effoRls, to ascertain the gradual transi- 
tions which the animal or vegetable organism is able to pi 
through when it finds itself placed under new conditions. 
We have a g-limpse of the influence whith function exercisea 
over tlia organ itself which produces it. The short and pithy^^ 
formula of Mons. J. Guerin, " Function makes Ih* 
presses in a general manner the modifying action of functioa. 
Tliie formula will acquire additional ibroe when supported bjj 
individual examples. 

It must be shown how the bones, the articulations, thi 
muscles are modified in various ways by the effect of fimo- 
tinns of different liinds; how the digestive apparatus, yielding 
lo vHry varying kiads of fond, passes through transformationa 
which adapt it to new conditions; how a change effected in 
the circulatory function produces in tlie vascular system 
tain anatomicid modificatiouB which may be predicted bel 
they take place; how the senses acquire new qualities 
exercise, or lose by desuetude their former powers. Theair^ 
changes of fiinctioii under tbe influence of the function itst 
are accompanied by anatomical modifications in the apparatus,. 
physiologically modified. 

The first demonstration to be fumiHhed will be to ascertain 
one of these transformations, and to show that it is always 
produced in a certain manner under certain circumstances. 
And if, in the second phase of tbe experiment, it can be 
proved tliat hereditary descent transmits even tlie least 
of the modification thus acquired, the development theory 
be in possession of a solid sttirling-point. 

This seems to be the true course to follow, if we desire 
obtain a solution of this important question. During sevei 
years serious efforts have been made in this direction, Uarioj^ 
been ourselves for a long time conversant witli the problems 
of animal mechanism, we have often been induced to reflect 
on the reciprocal relations of the organs of locomotion and of 
their functions. We will therefore attempt to show how the 
skelctoa and the muscular apparatus harmonize with the; 
movements of each animal under the ordinary conditions of 
existence. 
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CHAPTER IX. 

VAIUABILITT OF THE SKELETON. 

la which have caused the Hkcleton to ho considered the lorat vsrlahlB 
part of tliB organism — Proofs of tbe yielding nnture of the skeleton 
during life umlertha influence of the slightest prGssure, Trhen longcan- 
tinocd —Origin of the depressions and projections which ure obserred 
in the skeleton -Origin of the articular surfaces — Function rules the 



Ant one who examines the Bfeeleton of an animal, and holds 
iu hiB hands its oaseoiis portions as hard as a stone ; who knows 
how these bones have survived the destruction of all the other 
organs, and how they ean remain, after the lapse of thousands 
of ages, the only vestiges of extinct animals, may naturally look 
upon the skeleton eis the unchangeablB part of the organism. 
This skeleton, he argues, is the framework of the body, and 
the soft parts are grouped around it as best tliey may, reposing 
in its cavities, spreading over its surfaces, but always obey- 
ing a law stronger than their own, and arraDging themselves 
in the spaces which have been allotted to them among the dif- 
ferent portions of the bony structure. 

The observer, however little he may be acquainted with 
anatomy, soon perceives on the surface of the bono a thousand 
curious details ; he sees there numerous small hollows, little 
abodes which seem to have been destined to receive or to shelter 
some organ that has disappeared. These hollows correspond 
with the origin of the muscles which adhered at these points to 
the excavated bones. Elsewhere there are deep rounded grooves 
which remind one of the channels found in the curbstones of 
ancient wells. A cord has also passed in that direction ; it was 
the tendon of a muscle which Incessantly glided along tliat bone. 
But at the two extremities of this humerus the bone is polished 
as if by frietiou ; in the upper part it is rounded lite a 
sphere, and it is lodged in a cavity of the shoulder-blade which 
it exactly fits. One would say that the movement of these 
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leshad vom the surfaces snooth; theliumeruHoontintiallyl 
f chaagiug its position, niid tiiniiug upon iU asia, see 
imitate the action ve employ wh«n we wish to obtoia by 1 
means of friction a boily of a epLeriua! form- 
It is thus, for instance, that opticians produce tlie forms I 
and the poliaiied surfacca of convex and ooucave lenses, 
its lower end the shoulder-Tiiitie shows the trace of the eame I 
phenomenon, a small Hjilierical projection articulating it with I 
the radius; it sliowa also that there existed moTcments (~ 
two kinds, and close by, we meet with a surfat^e cut like'i 
the groove of a pulley ; this, in fact, only contributed tu the I 
flexion and extension of the fure-arm. 

If we cxaniine tlie skull we meet with fresh surprises ; here I 
every want ia foreseen. Deep cavities h>d^'e in their interior { 
the brain and the organs of sense. 

TUe nerves have conduits which allow them to pass through ; 
each vessel creeps along a fun-ow wliich fonns a canal for It, ' 
and is ramified witli the minute arteries whose rich foliation it j 
delicately traces out. 

If the bone were not so hard, one would really suppose that I 
it had been sntijected to ejctemul force, of which it bears, aa it I 
were, the impremon. But it ia in vain to press a bony our- | 
face; it resists absolutely the force which Js applied to it. 
is necessary to use a saw or a gouge if wo wish to make a \ 
channel in it. How could the pressure of aoft parts hollow ^ 
out these cavities which are eometimes so deep ? 

The foresight of nature has prepared everything in. the 
akeleton so that it may be disposed iu tlie best possible manner I 
to receive tlie organs to which it oilers its solid and i 
able support. Such is the natural argument of all those 1 
who have not seen, with their own eyes, these osseous el 
take place, and these chanucle hollowed out. The anatomist j 
as well as the zoologist hav« necessarily reasoned in thta ■ 

nner. They have considered the skeleton aa the unalterable i 
element of the organism, and therefore they have derived iroia J 
it the greater part of tUa specific characters in zoology. 

It must be very difficult to oppose an opinion which has I 
I been for a long time received. Thus, when Mona, Cbailea 1 
. Alartin, carrying out and rectifying the ideas of Vic. d'Azir, I 
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KB shown that the humerus of a man or of an animal ie the 
mologue of the femur, but of a femur twisted on its axis, so 
that the knee turned behind becomes an elbow, zoologista 
have replied that tliia torsion was purely virtual. Instead of 
being the effect of a muscular effort, whose slow and gradual 
P -action has reversed the axis of the bone, this singular form. 
1 their opinion, the result of a pre-established arrange- 
ftient of the organism ; for the embryo shows a contorted 
pumerus, before muscular action has been sufficiently developed 
o produce such a modification of its skeleton. 

might, with greater show of reason, argue in a directly 

me denies at the present day that the bony system ia 
y yielding in its character. These organs, which are 
compact and so hard in the dead skeleton, are, on the con- 
ssentially capable of being modified while the organiaia 
is living. If wo exert upon a bone a pressure or a tension, 
however slight it might be, yet if prolonged for a considerable 
time, it can produce the strangest cliiinges of form; the bone 
is like soft wax which yields to all external forces ; and we 
m.ay say of the skeleton, reversing the proposition to which we 
have just alluded, that it is completely under the iniiuence of 
the other organs, and that its forju is that which the soft parts 
with which it is suiTounded permit it to assume. 

We are indebted to niedicine and surgery for the knowledge 
of important facts, of which many examples could easily be 
given. Thus, when an aneurism of the aorta ia developed, 
and it happens to meet in its course the sternum or the clavicle, 
it does not stop at this barrier of bone, but per4>rate8 it 
in a few months. The substance of the bone is absorbed and 
disappears under the pressure of the aneurism ; it certainly 
resists less the effort of the invading tumour thau do the softer 
parts — the skin, for example. 

But this pressure of the aneurism differs in no respect 
from that of the arterial blood; the fun 
aneurismal sac compresses and perforates the 
in every part where au artery twuches a bone 
sorption of the bony material still goes o 
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hollows out for itself a furrow in which it lodges with ita dif- 
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ferent branches, an exnmple of which is seen in the i 
surface of the parietal houes of tlie )uiinftn skull. Even a 
is able to fonn a congidcrable hollow in a bone. The ab- 
normal (liktalion of those veins which are called rarieoge, and 
which is usually produced in the lege, is accompanied with a 
change of fonn in the unterinr surface of the tibia ; the bone 
wears the impress of thu diluted veins. We cannot say that . 
these osseous furrows cuter into the pre-established plan of 'J 
nature ; that the skeleton had originally these furrows in 
order to provide for the swollen state which should hereaiW 
be produced. Surgeons know that these hollows are formed 
in the hone of an adult, whlcb was in a perfectly normal state 
before accident had caused the varicose dilatation of the v 

It is a similar mechanism which forms along the bones the , 
furrows imprinted by the musclos, and which gives to the 
perinteuu), for instance, the prismatic form by which it ia j 
characterised. 

The hollows in which the tendons are lodged are not formed 1 
beforehaud in the skeleton ; it is the presence of the tendoa I 
which has hollowed them out, and which still maintains them, i 
Should a luxation take place and change tlie position of ths \ 
bone with resiwct to the tendon, the former furrow which ia 
now Pmpty is gradually efTaned ; at the saTue time a i 
furrow is formed, and by degrees assumes the uecessoiy depth, J 
to allow the tendon U> repose iu its fresh place 

But, it may be said, that the articular surfaces, so perfect J 
in their structure, so well adapted to the movements which 1 
they carry on, are certainly organs formed befoi'ehand. Here 
the bony surfuces are clotlied with a polished cartilage , 
moistened with a sj'novial fluid which fucilitatea their move> 
ment still more ; all around them, fibrous ligaments prevent I 
the bones irom passing the limits allotted to tliem, and the I 
surfaces from separating from eaoh other. So perfect a 
paratus could not be formed by the function alone. 

Wo have here at least a proof of the foresight of nature \ 
and of the wisdom of her pliiiis. 

Let us turn once more to surgery, which will show us that > J 
after dislocations, the old articular cavities will be obliterated ■ 
and disappear, while at the new point where the head of thsJ 
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bone is actually placed, a fresh articulation ia formecl, to wliich 
nothing' %Till be wanting in the course of a few moDths, neither 
articular cartilages, synovial fluid, nor the ligaments which 
retain the bones in their place. Here again, according to the 
expreesion which we used just now, function has produced 
the organ. 

So muuh for the furrows formed in the bone. But how 
can we attribute to external influeui^es those decided prorai- 
nencea which we observe everywhere ou the surface of the 
skeleton, those apophyses, as tliey are called, to which each 
muscle is attached. 

The answer is not less easy ; it is euffinient to account for 
the formation of projections on the face of the bone, if we call 
into play an iuflueuce contrary to that wliich we know to be 
capable of hollowing out the indentations. We must admit 
that traction has been es.erciscd on the portion of the boue 
where the projection is observed. 

The existence of traction on all the points in the skeleton to 
which muscles are attached is absolutely evident ; it is clear 
that the intensity of these tractions is proportional to the force 
of the muscles which produce them. Thus, it is precisely in 
the tendinous attachments of the stronger muscles that we find 
the more projecting apophyses ; a proof that the prominences 
in the bone ore intimately connected with the intensity of the 
effort acting upon them. The right ann, more frequently used 
than the left, acquires more decided projections on its bouy 
structure. When paralysis of a limb suppresses the action of 
the muscles, its skeleton is no longer under the influence of 
muscular power, and the apophyses become less prominent ; 
in fact, if paralysis dates from birth, the hone remains nearly 
in its foatal form, which function has not supervened to 
modify. 

Comparative anatomy also confirms this general law that 
the longer the apophysis is, tho greater energy it reveals on 
the part of the mnscle which was inserted into it. 

Mons. Durand de Gros has clearly shown the influences of 
muscular function on the form of the torsion of the humerus 
in difl'orent species of fossil and recent animals. Thus the 
jiumerus in the mole, the ant-eater, and several other burrow- 
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inganimalaisBc^rcely re<M>gni2tible, BO thickljiBit studded with' 
ridges and prnjeclions, each of whieh gave iusertioa to a 
powerful muscle. 

The atuU and t}ie lower jaw in (he camivora l>ear the traces 
of a powerful muscular action. In the ekull a deep hollow 
retains the impression of enomioua temporal muaclea ; all 
around the temporal depresHion, decided lidges were tlie solid 
points of attachment of t)ie muscle j a):ain, a strong; and lon^ 
apophysis by the side of the lower jaw shows the violent 
tractile force to which it has been subjected in the efforts of 
mastication. 

If the eifecta of muscular actions on the bones augment with 
the intensity of the force of the muscles, they do not vary less 
in proportion to the duration of their action. From infancy 
til old age, the modification of the skeleton goes on more and 
more, and even allows us, to a certain degree, to determme 
the a^e of ttio subject. 

Mons. J. Qu^rin has shown that in the old man tlie verte- 
brro have longer apophyses, tlie ribs more angular curves, &a. 
Compare the cranium of a young gorilla with that of an adult 
animal ; the form will iippear to you so different that unless 
you had been told that t)ie two skulk belonged to animals of 
the same species, you would scarcely have believed it. Of a 
niuuded foi'm in the young gorilla, it changes its shape in 
the adult ; it assumes a kind of ridge like tiie crest of a 
helmet ; this Is the apophysis into whicli tlie temporal muscles 
are inserted. Wo should never fiuish if we were to point 
out all tlie modifications to which the skeleton is subjeoted 
in different species of animals ; modifications wliioh from the 
hegiuniug to tlie end of life become more and more marked. 

Medicine, in its turn, furnishes us with curious iuformation 
as to these questions, by showing us the sudden developmeot 
of accidental apophyses which are called exostosei. In certain 
maladies wtiich attack the entire body, we see tlie skeleton 
covered, iu a great number of points, with accidental osseous 
projections ; and almost all these prominences axe developed at 
the points of attaclimeut of the muscles, and as they increase, 
tliey extend especially in the direction in which muBOnl 
traction is applied. 
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The curvature of the bonea, or their contortion on their 
axis, ia a phenomenon which ia frequently observed.. I have 
mentioned that Moub. Ch. Martin has demonstrated that in 
ftll the mammalia, the liunieruB is a contorted feranr, whose 
axis has made Iialf a turn upon itself; this contortion, accord- 
ing to Gegenbaiier, is lesa in the fcetus than in the infant, 
and becomes still more marked in process of age. It is 
therefore partly effected by cauaea which are in action during 
life; and if it be true that every fcetus brings into the world 
a contorted humerus, it is not less true that this form may 
be considered as the effect of muscular action accumulated 
from generation to generation in terrestrial mammals. 

Articular surfaces are particularly interesting to study when 
we wish to ascertain the influence of function over the organs. 
If ive admit that the friction of these surfaces has polished 
them, and given them their curvature, it is easy, when we 
consider the movement which takes place in each articulation, 
to foresee the form which these surfaces ought to possess. 

The surfaces whose curvature has the greater number of 
degrees, will correspond with the more extensive movements. 
Moderate movements, on the contrary, will only produce sur- 
faces whose curvature will correspond with an arc of hut few 
degrees. As a necessary consequence, the radius of curvature 
iu the articular surfaces will be very short, if the move- 
ments are very extended ; It will be very loug if the movement 
is moderate. 

Let US esamiue, from this point of view, the articulations 
of the foot in man ; we see in the tibio-tarsal articulation a 
curvature of small radius, on account of the considerable move- 
ment of the foot ou the leg. Ia the tarsus the radius of the 
curvature increases in proportion as the mobility of the bonea 
diminishes. The scaphoid shows articular surfaces of a great 
radius; the radius increases still more in the tarso-metatarsal 
articulations, in which the raovoments are very limited ; then 
it diminishes again iu the articulations of the metatarsals 
with the phalanges, and of the phalanges with each other, at 
which point there is great mobility. 

Everyone knows that if the articular movement is only 
efiJacted in one direction, the surfaces will cuive only in that 
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direction ; such are the trothlear Burfiices, of which llie artiou- 
lation of the elbow, the coudylea of the jaw, &c., are examples. 
But if tho movement is executed in two directions at ODce, I 
tlie Burfuces will present a double cumiture, and in 
of an inequality in the nmplitude of the moTemeuts, the radii I 
of these curvatureB will be unequal. Thus, in the wrist thero. | 
exist movements of flexion and extension whith are 
ubly extensive, but the lateral movements are restricted. Tha I 
result of this is that in the elliptical head formed by the J 
curpal bone, there is a curvature of small radius in the direo- f 
tion of the movements of flexion and extension, wliile, in the ' 
lateral direction, the curvature belongs to a circle of muoll 
greater radius. 

It is still more interesting to observe the articular surlaces 
of a series of animals . in diflbrcut clnsscs and speoiea. 
Similar articulations present movements of very different kinds, 
which must bring about no loss important difTereuces in the | 
articidor sut fates. 

Let us take, for example, the head of the humerus, and | 
fiiUow the changes of its form, in man, in the ape, the cami- 
vura, the herbivora, tlie birds. We shall see that the perfect ] 
equality of movement in every direction which can be exe- I 
cutod by the human arm corresponds witli a perfect spherioit^' J 
to the head of the humerus — that is lo say, a curvature of the J 
same radius in every direction. Among apes, those which in 
walking throw a part of their weight usually on their anterior J 
limbs, have the head of the Jiumorus flattened at the upper ] 
I part, as if by the weight of the body, itesides this, the I 

movements which are required in walking being more ex- I 
tended, the curvature of the head of the humenie in these ( 
animals presents its least radiua in the antero- posterior direction. J 

I This modification is more marked still in the carnivora, and \ 
above all in the herbivora, the head of whose humerus, flat- 
tened above, presents its short radius of curvature in the 1 
direction of the movements which serve for walking, and I 
which predominate in this articulation. 
Birds possess, in the articulation of the shoulder, two J 
movements of unequal extent. One, by which they spread ■ 
Eind fold their wings, and which carries the elbow sometimes J 
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near to tlie body, and BOmetireiea very forward ; the other, 

usually more restricted, is mode in a. direction perpend icuhtr 

to the former ; it is that which constitutes the stroke of tho 

ring. 

Curvatures of differeut radii correspond, therefore, to these 

Ltwo movements of unequal amplitude ; to the greater move- 

I tnent of stretching and folding the wing a curvature of short 

I radius corresponds; to the less extensive movement which 

I and lowers the wing during flight, there is a corre- 

I pponding curved surface of verj long radius. The result of 

p this is that the head of the humerus in birds assumes the 

form of a very elongated ellipse, at the level of the articular 

surface. 

But the movements of flight present in different species 
great variations of amplitude. Birds which have sail-like 
winga give hut very small strokes wilh theoi, while the 
pigeon, at the moment when it takes flight, strikes its wings 
one against the other above and below, producing a clapping 
loise, which is familiar to every one. 

To these variations iu the extent of the movements corre- 
spond varieties of surface in the head of the humerus, whicli 
I in birds witli sail-like wings has a very elongated elliptical 
I surface ; hut in the pigeon it tends to the circular form, and 
I very nearly attains it in the splieniscus, an aquatic bird found 
I in southern seas, and closely resembling the penguin. 

From all this we may gather, that in the form of the bony 
I structure, everything bears the traue of some external influ- 
■«iice, and particularly of tho function of &e muscles. There 
f is not a single depression or projection in the skeleton, 
} of which cannot be found in an external force, 
which has acted on the bony matter, either to indent it, or 
draw it forward. It was not, therefore, a metaphorical exag- 
^^_ geration to say, that the bone is subject, like soft wajf, to all 
^^L the changes of form which external forces tend to impress 
^^H upon it ; and that, notwithstanding its extreme hardness, it 
^^^K resists less than the most supple tissues the efforts which tend 
^^^H to change its form. 

^^^K And will this new form, acquired hj means of Innotion, 
^^^ft disappear with the individual? Will he not transmit even 
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the slightest trace to hia descendants? Will hereditary 
descent mtike an unique esception witli respect to these ac- 
quired characters? This appears very improbable, and yet 
we must admit it, if we neg-nLve the development theory. 
We must bring forward a coutrary liypothesis, which would 
reverse the ordinary laws of hereditary descent, if we refuse i 
to certain anatomical characters the power of becomiug trails- f 
laissible. 



VAHTABILITT or THE MUSCULAR SYSTEM. 

We have stated that the bony system is su'iject to external 
influences, and especially to those of the muscles, which i 
press on each bone the form which we observe in it. The I 
great variety of forms in the flkeletons of different animal 
species corresponds, therefore, with tlie diversity of their 
muscular systomB. Thus, whenever in animals of different 
species we find resemblances in certain bones, we may affirm 
that the mnsclee which were attached to these bones were , 
also similar. Whenever we observe in an animal, on the 
contrary, a bone of a peculisj form, we may foel assured of 
a peculiarity in the muscles which were attached to it, 

Dut if the muscle and the Lone vary simultaneously, what 
can be the caiise which influences them both? It is under- 
stood that the skeleton, as it ia modified, plays a paasive part; 
that it is subject to (he form imposed upon it by the muscle. , 
liut what gives to the inuHcle Ltself, an organ eminently active, 
and the true generator of the mechanical force by whioh 
the skeleton is in some degree modified, the particular form 
wliich ia revealed to us by anatomy ? 

We hope to demonstrate that the power to which the mi 
cular system is subjected belongs to the nervous system. T 
nature of the acta which the will commands the muscles to ■ 
perform, modifies tlie muscles themselves, in their volume and 
their form, so as to render thorn capable of performing these 
ac^ts in the best possible manner. And, as this iiecemti/ 
which determiues all the actions of anliual life, governs tlie 
will, it is this, which, according to tlie external conditions 
under which every living being is placed, iniluences its form, 
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and regulatea it according to tlie laws which we must noir 
endeavour to make kuown. 

Nothing in the organic form is under the dominion of 
chance. The specific varieties of living beings have been too 
often compared to the fancies of an architect, who, while 
adhering to on uniform plan, invents a thousand varieties of 
details, as a musician composes a series of variations on a 
given theme. 

In our present inquiry we may say that the great variety 
which ia found in the muscular apparatus, whether in the 
different parts of the body of an animal, or in the homologous 
parts of animals of differout species ; for instance, varieties 
in the volume or the length of muscles ; the very unequal 
partition of the red contractile fibre, and the inert, white, 
glistening fibre of the tendon ; that all this is entirely subject 
to the dynamic laws of muscular function. 

Adaptation of the Jorm of muxclet tii the requirements of function. 
Normal anatomy can only furnish us with examples of the 
harmony which exists between the form of the oi^^ans and 
their habitual function. Experiment alone can show us that, 
by changing the function, we may bring into the form of the 
organs modifications which may harmonize them with the 
new conditions which may be imposed upon them. It will 
be easy to make experiments for this purpose. From the 
moment when wo know in what direction the modification 
ought to be produced, in order to adapt tlie organ to the- 
function, the changes efiected in animals placed by us under 
conditions of pecidiar muscular function, will derive an im- 
portant significance. But while we wait for the realization of 
this vast aeriea of experiments, there are some which wo can 
employ even now. Experiments made ready to our hand are 
furnished by pathologiual anatomy. 

Medicine and surgery are full of informatiou on this in- 
teresting subject. They show us, for example, that it is 
movement itself which keeps up the existence of the muscle. 
A long repose of this organ brings about first the diminution 

its volume, and soon a change in the elements which com- 
pose it. Fatty corpuscles are substituted for the striated fibre 
which form its normal element i at last, these corpuscles, 
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bocoming more and more abundant, invade the entire sub- 
Btanre of tlie muscle. Tina iiliaae of altera tion, or fatty dege- 
neration, is followed by an atiHoriitiun of tlie Biibutimce of the 
muscle, whioh diBapjieara entirely at the end of a certain 
time. 

Thus, not only does the volume of the organ increase or 
diminish according aa the necesaitieB of ita Iiabitiial function 
require a greater or less foree, but it wholly diaappeara when 
its function ia entirely suppressed. This edect is observed in 
paralysis, vhore all nervous action ia destroyed ; in certain 
caeea of dialoeation, which bring closer together the two inaer- 
tiouB of a muscle, so as to render ita action useless ; sometimea 
even in fracture and uncliyluses, which, by an abuormal oon- 
noction, reader the two e^tromitiea of a muscle immovable, 
and prevent any contraction of its fibres. 

But what will happen, if the muscle, instead of loaing all 
its function, only experiencea a change with respect to the 
eactent of the movemenla which it can execute ? After certain 
incomplete ancbyloaea, or certain dislocations, we see the 
Brticulutions loae more or leas of their movements; aa tLa 
muscles which command flexion and extension only need, ia 
such cases, a part of the ordinary extent of their contraction. 

If the theory juat enunciated be correct, these muaclea ought 
to lose a portion of their leugth. In order to verify this fact, 
V6 have only to make a short excutfiiun into the domain of 
pathological anatomy. 

A warm discusaion aroae, some twenty years ago, aa to the 
transformation which the muscles underwent in thoae patients 
who were afflicted with the deformity commonly known by the 
name of cluh/oot. Sometimes the foot ia twisted upon the 
leg, so that the surface which should be uppermost is next 
the ground ; sometimes the foot is eo forcibly extended that 
the patient walks continually on its extremity. In all theae 
cases the muscles of the leg have only a very limited play 
they undergo, therefore, either fatty or fibroua tra 
Among these muscles, those which have no longer any action 
undergo fatty degeneration, and then disappear ; while those 
whose aclion is partly preserved, present only a change as 
the proportion of red £bre and tendon. In the latter case 
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Hie contractile aubstance dirainishea ia length, end is re- 
placed by tendon, wliick often assumes a conBiderable develop- 

J. Gnerin, wlien pointing out the fibrous degeneration of 
the muscles, thought that he saw in it the proof of a primi- 
tive muscular retraction, which would ultimately have pro- 
duL-ed dislocation of the foot. Tbia eminent surgeon also 
thought that the alteration of the hbre was the only lesion of 
the muscles in club-foot. Scarpa maintained, on the contrary, 
that in the greater number of cases the luxation of the foot 
was the original phenomenon. 

As to the nature of miiaeular change, all surgeons at present 
agree in admitting that it may have two different forms, and 
that sometimes the muscle undergoes fatty degeneration, and 
in other cases it is transformed into fibrous tissue. Wo are 
especially indebted to the beautiful works of Cuvier, for our 
knowledge of the conditions under which each of those 
changes in the muscular substance is produced. 

An example will illustrate how the muscles are affected 
according as their function is suppressed, or simply limited 
in extent. 

Tlie muscles of the calf of the leg, or gastrocnemians, ara 
two in number; their attachments and their functions are 
very different. Both are inserted below in the calcaneum, by 
the tendon of Achilles, and are, consequently, extensors of the 
foot ou the leg. But their superior insertions are different ; 
the ioteus, having its insertion exclusively in the bones of the 
leg, has no other office than that of extending the foot, as we 
have said before. The twin gastrocnemii, on the contrery, 
being inserted in the femur, alicive the condyles of that bone, 
have a second function, that af bending the leg upon the 
thigh. 

Let us suppose that anrhylosis of the foot has been pro- 
duced ; it entirely suppresses the function of the soleus, which 
ises through the fatty degeneratloQ, and disappears. The 
gastrocnemii are in a different condition ; if their action 
on the foot has ceased, there still remains their function of 
bendiUg the leg on the thigh ; these muscles have, thereiore, 
only one of theit movements reduced in amplitude. Oon- 
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I eequently, under sucli coalitions, the twin muscles lose only ] 

a part of the length of tbeir fibres ; they undergu what t 
' genns call partiitl fibrous transformation, a moJifii.'ation which i 
is only a, change of proportioa between the red fibre and the 
. tendon. 

Tliose who are accustomed to regard pathology as a com- 
plete infrai-tioD of physical la.wB, will perhaps be astonished 
to see us search among' these cases of dislocation and anchy- 
losis for the proofs of a law which regulates the form of the 
muscular system in its normal state. It would be easy to 
show that these scruples have uo foundation ; but it will In 
better still to bring forward other examples which may not lie 
open to the olijections so often urged against the applications 
of medicine to physiology. 

It is again from J. Guerin, that we must quote the foota 4 
of which we are about to speak. 

When we examine the muscular system at difi'erent periods \ 
of life, we find that it varies greatly in its aspects. 
that the muscles have distinct ages, and that, farmed at first of 
contractile substance, they lose by degrees, us they grow 
older, their red fibres, which are replaced by the wliite and 
glistening fibres of the tendon. 

Thus, the diajihri^jm of a child is principally muscular, 
while in the old man the aponeurotic centre, the true teudoa | 
of the diapbriigm, is extended at tlie expense of the contrac- 
tile fibre. Tlie substitution of tandou for musciUar fibre is 
still more marked in the mue):les of the leg in infancy ; they ! 
are relatively much more rich in contractile substance than ' 
during adult age. In the old man, in fact, the tendon seema , 
^^^ to invade the muscle, so that the portion of the calf of the 1^ j 

^^b which remains is placed very high, and is very reduced in I 
^^^H length. The muscles of the hiinbur and dorsal regions present J 
^^^H the same character ; in old age they ore poorer ii 
^^^^B but richer in tendon. 

^^^H What then, is ihe change which takes place in the muscular I 
^^^^^ function during the different periods of life F Every one knows 
^^^^K that, except in the very rare cases in which the man keeps up i 
^^^^1 the habit of gymnastic exercises, the muecular function be- j 
^^^^H cumea uiiire and more restricted — at least, as far as the extent \ 
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of movement ia oonceraed. The articulationa of the limbs, and 
tlioae of the vertebral colamn, umlergo normally a sort of 
incomplete ancbylosia, which contiuues to leaaen more and 
mote the flexibility of the trunk. 

Look at a young child tossing about at hia ease ; one of hie 
movements is to play with liia foot ; to take it in his hands 
and carry it to his mouth appears to hiiu very natural, and aa 
easy as possible. In the adult, the muscular force attains ite 
maximum ; but the movements are not so extensive as in 
infancy; man has no longer, as is well known, the same 
flexibility in hia limbs. 

The old man can neither stoop readily nor completely 
draw himself up ; his vertebral column boa lost its supple- 
ness; he takea only short steps; to sit down on the {^und, 
with the knees raised, is to him extremely difficult ; and if 
we examine the extent of flexion and extension in his foot, 
we fiud that it has beeome very limited. 

The function of the "muscles, therefore, changes with the 
different periods of life, and becoming more and more restricted, 
employs continually less contractile fibre. It is thus that the 
niueoular modification of which we have been speaking is 
naturally explicable. This modification, which consists in the 
increase of Uie tendinous element at the expense of red fibre, 
may be prevented by keeping up the extent of muscular 
movements, by means of suitable exercise. 

Let us now return to comparative anatomy. Since it 
ehows us'perfect harmony between the form of the muscles in 
difl'erent species of animals and the characters of muscular 
function in the same species, the most natural conclusion seems 
to he that the organ has been subjected to the influence of 
function. 

If the race-hoTSG is modified in its form by the special exer- 
cise which ia called training, is it not an evident proof of the 
influence of function on the anatomical characters of tho 
organism ? And if a species, thus modified artificially, 
returns to the primitive type when replaced under the con- 
ditions from which it had been taken, is it not the counter- 
proof of the Ijieory wliicb assigns to function the office of 
a modifier of the orgim i 
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These very facts are, however, interpreted in an opposite I 
eense by the partisans of the invariahility of species ; they I 
seem to find tm unanswerable argument in Bupport of their J 
cause, in the return to the primitive ^pe, when the modifying I 
influences have ceased. 

To what conclusion can wB come when we meet with these 
contrary opinicpns ? It must be that tho partisans of develop- 
ment have not completed their task, and that they ought to 
add new proofs to those which they have already given. It _ 
is to experiment that the principal part belongs, while theory J 
is not without its importance ; by causing us to foresee in whafc-4 
manner a certain kind of function ought to modify a musuloj " 
it will give its proper value to the modification which may 
subsequently be obtained. Indeed, without theory, the ex- 
perimenter can seldom recognize the modiflcation which ha 
has observed. We seldom find in anatomy anything but , 
that which wo seek for, especially when we haT6 to do with J 
slight variations like those which we might hope to produce T 
in the organism of an animal. 

The experiments to be tried are tedious and troublesome; ,■ 
their plan, however, is easy to trace. 

If man, adapting to his newssities the domestic animali, 1 
has already succeeded in modifying their organization withia I 
certain limits, he has produced these chauges, as we may 1 
say, fortuitously. Only intending, for example, to obtain J 
draught horses or racers, it was not ncccBSary to place , 
the species under conditions entirely artificial. This must, 
however, be done, if we aim at elucidating the problem of 
which we speak, and of carrying to the farthest possible 
limit, changes in the conditions of the mechanical work of 
animals. 

Man has utilized the aptitudes of different animals, rather 1 
than sought to give them new ones. It would be necessary a 
to do violence to the habits of animals, and to constrain J 
them gradually to perform acts to which their organism is 1 
but slightly adapted. If, in order to got its food, a specieB.! 
with an organization unsuitable for leaping, should be c 
pelled to take leaps of gradually greater height, every thing;.jl 
leads us to suppose that it would acquire at length great^ 
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facilitiee for leaping. If the dosceadaBte of these animals 
retained any of tbajmwer of their anceatorB, they might per- 
haps, in their tuftn, -develop still more this faculty of leaping. 
Graduating thus' th^ etfisrt imposed on this particular species, 
no longer in a utilil^aft point of view, which there would 
be no inducement to bur^ui^, but requiring indefinitely more 
force or greater extent ifl ^e'^lay of the muscles, we might 
hope that the anatomical deTelapment would increase indefi- 
nitely, and that we might obtain' iOntething analogous to that 
whinh 13 now called the passage of-'oui apeeies into another. 

"What we have said of the muscular ftinc(jon applies to all 
the rest. By modifying in a gradual lAeiin^.the eouditione 
of the food of animals, as well as those oi'S'gfn and dark- 
ness, temperature, and atmospheric pressure udd^r jvhich they 
may be mada to live, we may impress upon theit/orkanibm 
modifications analogous to those which zoologists havfe.^teady 
observed under the influence of climate, and of the va'rious 
atmospheric conditions and different altitudes in which animals 
have been placed by nature. These changes, brought about 
by well-managed transitions always tending to the same end, 
would have a chance of producing cousiderable transfer matious 
in animal organization, provided that, by persevering determi- 
nation, these efforts were indeiiuitely accumulated; as in the 
case of breeders of animals, who use similar means for the 
production of selected kinds of stock. 

We will proceed no farther in the field of hypothesis, but 
we will, in conclusion, make an appeal to zealous experim 
talists. Many who have been convinced of the great import- 
ance of this enquiry seem already to he engaged in this 
enterprise. What question, in fact, can more nearly o 
the human race than this : Cnn our species be iiwdified t 
According to the tendency which may be given to it, can it be 
, diidcted either towards perfection, or d(.'gradation ? 
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••-. CHAPTER I. 

../-OT'LbCOMOTION IN GENEUAL. 

Ci>iiiiition&.-cqnAiion to nil kiada or locomotian— Borelli'a comparimi-' 
Iljisptbears of the reai'tion of the gmiinil— Clossilirjvtian of thi u, 
. cflscsiiiotiaii, sccording to tlie nstuie or Ihu point a( TBawUDce, Ittf 
iBrraatrUI, aqnatin, andnerial locomotion— Of the pgrtition of muaauM 
furcis between the point of rebistance und the niasB of the iKidy — I'tv-9 
tlnctioD of uralen work nhsn tli« point of resi«t<iDce is movahle. 

The moet striking manifestation of movement in the dif- 1 
feront species of animaU is aeeuTedly locum otion : tlie act by>1 
which each living creature, according to its adnjitatinil to ou^^ 
ward circumetacceB, moves on tlie earth, in the water, ot 
through the air. Therefore it ia more convenient to study 
movement with regard tn locomotion, for we can thus observe 
it under the moet varied tj'pes. 

At the commencement of l.hc6? studies we ought to considw J 
the general characteristic's of tlie fuiii;tion whieh is to occii^iy; 
attention, and to point out the genera! laws which are 
found in all the modes of animal locomotion. Itiit what c 
be niore dilficult than to aseertuin the common features whicbf 
unite acta so different as those of flying and of creeping, i 
the gallop of a horse and the swimming of a fish ? Still tlii 
has been frequently attempted. Borelli has endeavoured to^ 
represent the various modes of terrestrial lucomotion, hy t 
diflei'cnt methods which a bontman employs to direct his boabi 

This comparison may, with some additional derelopmente^ 
BTTve to explain thu methanism of the pi iiiciiml types of low ' 
motioD. 
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suppose a man Geared in a boat in the midst of a. 
tranquil lake. Under tliese conditions, his ekiff will remain 
perfectly motionless. If he wishes to advance, he must find 
what is called a point of resistance. Suppose him to be fiir- 
nished with a pole, he will plunge it towards the bottom of 
the water till it reaches the ground ; then, making an effort, 
as if to drive from him this reeistiug body, he will cause his 
boat to move in the opposite direction. This progression with 
the point of resistance on the ground is similar to the ordinary 
conditions of terrestrial locomotion. 

If the boatman be provided with a boat-hook, he 'will 
^t his point of resistance under different conditions. Laying 
hold of the branches of trees, or the projections of the shore, 
he will drag his pole towards himself, as if to bring near to 
him the bodies to which it is fastened; and if these bodies 
resist his elTorts, the boat alone will be displaced and drawn 
towards them. 

Here are then two opposita modes of progression with 
bearings on solid bodies ; in one tlie tendency is to repel, in the 
other, to draw them nearer : the effect is the same in each case. 

But if the lake be too deep, or if the shores be too distant ' 
to furnish the boatman with the solid fulcrum which he had 
used before, the water itself will serve as a medium of 
resistance. The boatman, armed with a flattened oar, endea- 
vours to drive the water towards the stem of his boat ; the 
water will yield to this impulse, but the boat, imjielled in 
an opposite direction, will go forward. The Tarioua kinds of 
paddles for steam-boats, the screw, in fact, all nautical pro- 
pellera, present this feature in common, of driving the water 
backward, in order to produce in the boat an impulse in the 
contrary direction, and to cause it to advance. 

lustead of an oar acting on the water, we may suppose the 
boatman provided with a much larger paddle with whieh he 
might drive back the air at the stem; he will propel his 
boat on the surface of the lake. He might make progress 
by turning a large screw like the sails of a wind- 
mill, or by agitating at the stern some large fan wiiich would 
drive the air in the direction opposed to that in which he 
deiiiied to force h& bout. 
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In all these modes of locomotion a force is expended wliicli 
inipels in opposite directious two bodies more or less resistiDg ; 
the oue is the fulcrum, the other the weight to be displaced. 

Old writers called tlie force acting on the boat re-action — ' 
they considered it as an elfort emanating from the soil, the 
vater, or any resistance whatever to which the effort of the 
rowers was applied. We can now understand clearly that all 
the motive force is derived from the hoalman. This force can 
have as its result, either the repulsion of two points to which 
it is ap])lie<i, or their approach to each other. In these two 
cases oue of the points may he fixed, it is then the other which 
will be displaced ; or the two points may he movable, and 
tlien, according to their uuegual movability, oue of them will 
be displaced more than the other. 

This geEeral principle can be applied to all cases of loco- 
motion ; it will be sufficient for us to notice that which U 
essentiul in all the types which we shall consider. 

The most natural cjassificution seems to be that which il 
baaed on the nature of the point of resistance ; accordingly, w* 
may distinguish three principal forms of locomotion "(«rrei-< 
trial, aquatic, or aerial. liut in each of these forms, what a 
variety of mechanism we shall meet with ! 

If it be true that walking and creeping are the two 
principal types of terrestrial motion, that swimming corre- 
sponds with the more hahitual mode of aquatic locomotion, 
and flight with aerial locomotion, it is not lees true that ia 
certain media many kinds of locomotion are emploj'ed. Thiia, 
walking and creeping are used both on tlie earth and in the 
water; flight is hahituaUy perfonned in the air, and yet 
certain birds take a decided flight in the water. 

In fact, if we were compelled to assign to every animal ib>i 
particular type of locomotion, our embarrassment would be 
as' great as if we were classifying these movements. Some^ 
indeed, move with an equal facility on the earth, the water, 
and in the air. We will not therefore attempt a strictly 
methodical classific-ation of the different modes of locomotioi 
of which we are about to take a rapid survey. 

Terrestrial liwomotioa furnishes two principal types 
the ell'urt consists in pressing on the ground in the dircctionj 
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oppoaite to the intended movement; this is the more usual mode 
ot' locomotion ; walking, running;, leaping, belong to this first 
form. For this purpose the limba serving for locomotion are 
composed of a series of rigid levers, suaceptible of change in 
length ; they can be shortened by the angular flexion of the 
articulations, and they grow longer by being drawn up. If 
the leg when bent touches the ground at its extremity, and if 
a muBCular e&brt be made to produce the extension of the 
limb, this can only be effected by removing to a, greater dis- 
tance from each other the ground on which the extremity of 
the leg rests and the body of the animal whioh is united 
to the base of this limb ; the ground offers resistance, and the 
body, yielding to the impulse, is •displaced. Sometimes the 
displacement in terrestrial locomotion is effected, not by a 
change in length, but by a simple change of the angle formed 
between the limb which causes the motion and the body of 

In the second type, namely ereejiing, a tractile effort ia pro- 
duced ; the animal lays hold by a part of its body on an ex- 
ternal fixed point, and then drags the mass of its bulk towards 
this point. Let us take a snail, and place it on a piece of 
)s I at the end of a few moments the animal 
1 crawl. If we turn the glass over, we shall see 
through the plate the details of its movements. Throughout 
all the length of its body appears a series of transverse bands, 
alternately pale and deeply coloured, opaque and transparent, 
These bands are transmitted by a oontinnol motion, from the 
tail to the head of the animal ; they seem like the spirals of 
a screw which turns incessantly in the same direction. If we 
fix our attention on one of these bands in the neighbourhood 
of the tail, we see it pass towards the head, which it 
roaches in fifteen or twenty seconds, but it is followed by 
a continued series of bands which seem to spring up behind 
it aa it advances. These bands remind us of the muscu- 
lar wave and its progress through a contracting fibre, only 
with greater dimensions. Each time that a wave arrives 
at the cephalic region of the animal, it disappears, producing a 
forward motion of the head, which slips a little on the surface 
of the glass and advances slightly nithout any retrogression. 
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It Hppeara tliat the cephalic region lnys hold on 
t)oint towariis which all the rest of the body in dm 
ward, lu fact, in the posterior reginn an opposite phenome- 
non takes place ; eacli new band which takes ita riee there, is 
accompanied by a backward motion of that region, which moveB_ 
as if it were drawn by a longitudinal retraction of the c 
tractile tineue. 

Other inodefl of creeping are not less curioua ; that, I 
example, which takes place in the interior of a solid bod^il 
as a worm, when it advances in the tubular cavity which ! 
baa hollowed out in the ground. The hinder part of the fc 
soft and extensible, ia aaauredly of much less size thai 
cavity of the hole from which we endeavour to pull it, i 
yet the worm resists the force of traction, and breaks rathdl 
than be drawn out. This is because, within the ground 
the anterior portion of the 1>ody, shortened but swollen, dilat 
within the passage, and £uds there ii solid point of resistantM) 
If we let the worm go we ahaU see it rapidly shorten i' 
body, and withdraw the rest of it into the ground, beinjj 
dragged backward towards the anterior portion which has 1 
firm hold on the soil. 

By the side of the action of creeping we may natural: 
place that of climbing, in which the anterior limbs seek to Ii 
hold of some elevated projection, and as they bend i 
rest of the body of the animal. The hinder part then fixi 
itself in its new position, and the anterior limbs, thus set fra 
seek, higher up, a fresh resting place to make a m 
Whatdi&erent types in these two modes of terrestrial locom 
tion ! The varieties are so great that we can scarcely gtv| 
an exact idea of them, except by describing tlie mode of prd' 
gression adopted by each particular animal. 

Locomotion in water presents a still greater diversity, 
oue case, we see a fish which strikes the water with the J 
of its tail ; in another, a cuttle fiili or a wedusa, which, 
pressing forcibly its pouch full of liquid, drives out the v 
in one direction and propels itself in a course directly oppositQ 
the saTne phenomenon is produced when a inollusk closes ri 
the valves of its shell, and projects itself in the direction oppc 
lu the ciin*eiit of water whic^U it has produced. Tlie larvie i 
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dragon- flies espel from their inteatinea averyatrong' jet of liquid, 
and acquire, by this Tneans, a rapid and forcible impulee. 

The oar is found in many insects which move on the sur- 
face of the water. A contriv£tnee is employed by other 
animals, which resembles the action of an oar used at the 
stem of a boat in the process called tculling. To this 
latter motive power may be referred all those movements 
in which an inclined plane is displaced in the liquid, 
and finds in the resistance of the water, which it presses 
obliquely, two component forces, of which one fumiahee a 
movement of propulsion. This mechanism will require some 
explanation ; it will be found in its proper place, with all 
the developments which it afiords. 

Aerial locomotion. This mechanism is still the same ; the 
motion of an inclined plane, which causes motion through 
the air. The wing, in fact, in the insect as well as in 
the bird, strikes the air in an oblique manner, repels it in a 
certain direction, and g-ives the body a motion directly oppo- 
site. With the exception of certain birds which spread their 
wings to the wind, and which, hovering thus without any 
other effort than simply steering, have received the picturesque 
name of hovering or sailing birds (oiseaux voiliers), all 
animals move forward only by an effort exerted between two 
masses unequally movable. It can be easily understood that 
if one of these points where the force is applied is absolutely 
fixed, the other alone will receive without diminution the 
motive work developed ; such ia the condition of terrestrial 
locomotion on soil perfectly solid. But we can understand 
also that the softness of the ground constitutes a condition un- 
favourable to the utilization of the force employed, and that 
the extreme mobility both of the air and the water offer still 
less favourable conditions for swimming or flight. 

But this mobility of the point of resistance varies with the 
rapidity of the movement ; so that a certain stroke of the 
wing or the oar, which would be without effect if produced 
slowly, would become efiicacious by its very rapidity. 

In different kinds of locomotion, the resistance which it 
is necessary to overcome in order to displace the body, does 
not vary less than that which seives as an external point of 
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reuistaDce. TbU varinbility depends on many causes, ThuB, 
different kinds of auimals, when they move, have not to 
struggle witli the same effort against their weight. The fieh, 
which is of nearly the same specific gravity as water, finds 
itself suspended in it without having to exert any force 
and if it wishes to movu in any direction, it has only 
overcome the resiBtance of the fluid which it is neoeai 
to displace. The bird, on the contrary, if it desires to 
tain itself in the air, must make ■ an effort capable of 
neutralizing the action of its weight. If it moves forward 
at the same time, it must perform, in addition, the work 
which is ooDBumed in overcoming the resistance < 

Partition of miucxdar fores between the pnintt of reeiitanee m 
the mau of the body. When, in physiology, wi 
timate the work of a muscle, we fix it Hrmly by one of i1 
attachments, Etnd we ascertain the extent passed through 
by its movable extremity. If we know the weight which 
this muscle can raise as it oontratts, and the extent through 
which that weight is raised, we have elements by which wa 
can estimate the work effected. But these are almost ideal 
conditions, which are scarcely ever found in terrestrial loco- 
motion ; nor can we observe them in animals which move in 
the water, and more especially in those which fly through the 
air. Let us only compare the effort necesBary to walk on a 
movable soil, on sandy dunes, for instance, with that required 
in walking on firm soil. We shall see that the mobility of 
the resisting surface presented by the sand destroys a part 
the effort necessary for the contraction of our muscles ; 
other words, that a greater effort is necessary to produce tl 
same useful work, when the point of resistance is not stable. 

This amount of work is easy to be understood, and even 
be measured. 

When a man, while wall^ing, places one of his feet on 
ground, the corresponding leg, slightly bent, draws itself upJ 
and pressing on the ground below, gives at the same time 
upward impulse to the body. If the ground entirely i 
this pressure, all the movement produced will be in 
direction of the trunk of the body, which will be rt 
to a certain height, three ceutiiuetres fur example. But 
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ground dnli two centimetres uoder the pressure of the 
ft»t, it ia evident that the body will only be mised. one 
centimetre, and the useful work will be dimiuished by two- 
thirds. 

The compression of the soil under the foot certainly con- 
stitutes wurk, according to the mechanical definition of this 
word. In fact, the soil, as it yields, offers a certain resist- 
ance. This resistance must be multiplied by the extent to 
which the soil is indented, in order to ascertain the value of 
the work accomplialied in this direction. But this work is 
absolutely useless with respect to locomotion : it is an entire 
loss of the motive force expended. 

When a fish strikes the water with his tail, in order to 
drive himself forward, he executes a double work ; a part 
tends to drive behind him a certain mass of fluid with a 
certain velocity, and the other to drive the animal forward ia 
spite of the resistance of the eunounding water. This last 
work alone is utilized ; it would be much more considerable 
if the tail of the animal met with a solid point of resistance 
instead of the water which flies from before it. 

Is it possible to measure the diminution of useful work 
in locomotion, according to the greater or less mobility of the 
point of resistanoe F 

If the ground on which we walk resist perfectly, it must be 
admitted that no part of the muscular work is lost; but in 
every case in which a displacement of the resisting surface 
exists at the same time as that of the body, it is necessary to 
determine the law according to which this partition is made. 
A principle established by Newton regulates the science of 
mechanics ; this is that " action and re-action are equal." 
Does this mean, in the case before us, that half of the work 
is expended on the resisting surface, and the other half on 
the displacement of the body of the animal f This cannot be 
true, if we may judge by the many cases in which a force acts 
on two bodies at the same time. 

Thus, in the science of projectiles, the motive force of the 
powder — that is to say, the pressure of the gases which are 
disengaged in the cannon, acts at the same time on the pro- 
jectile and on the piece, giving these masses a velocity in 
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opposite direotiona. Thus, the momentum (M.V.) is equally 
divided be Lueen the two projectilea, eo that the qiubs of the l 
cannon aad of its carriage, multiplied b; the velocity of tha J 
recoil which is communicated t« it, is equal to the n 
the projeotiie multiplied by the velocity of propulsion which 1 
it receives. As the caimon weighs much more than the ball, 
the velocity of its recoil is much less than that communi- 
cated to the projectile. 

Ah to the work developed by tiie powder against the oannou ! 
and against the boll, it is divided very uuequally between 
these two maaaes. 

In fact, the work produced by an active force being pro- 
portional to the square of the velocity of the matts in motiou 
(its formula is ^'), calculation sliowe that this nork, when 
the piece weighs 300 times more than the bull, would be 300 f 
times greater for the ball thaa for the cannon. 

We shall return to these qaeatious, when in considering the j 
portioular kinds of animal inotion, we enter on the iuvestiga* J 
tion of Unman loconiotioa. 



CHAPTER II. 

TKRKE9TR1AL LOCDMOTIuS (HIPEDR). 

Choice of oertitiu typoB in order to atudy torrcBtrinl looomotion-Hnmftii j 

loooniotiun— Walking — PrKHiture exorted un the giuuiid, its doratioD I 

and iiileuaity — Ra-actinna on llie bixly during; wnlkiog — Gra[ihja j 
method of Btndyiag tlieni — Vertical oscilliitioiiB of the body — 

Hoiizoutal oaciUatiouH— Attempt to rupresent the trajectory of tlia j 

pubis — Forward movomout of the body -loenualities of its velocity 1 
(luring the time occupied hy a pace. 



The types of terrestrial locomotion are so various that we i 
must, for a time at least, confine ourselves to the study of T 
most important among them. For locomotion among bipeds 
we will tuke as a type that of man. The horse will be cUoi 
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as the most important represeatative of the method of walking 
adopted by quadrupeds. Aa to other animala, thej will be 
studied in ao acceaaory manner, and especially with reference 
to the resemhlances and differencea which the modes of their 
locomotion present when compared with the types which we 
have chosen. 

Many authors have already treated on thia eubjectj Jrom 
the time of Borelli to that of modem physiologiste, science 
has slowly advanced : it seems to us that it can now resolve 
all obscure questions, and determine them definitely, by the 
employment of the graphic method. 

While observation employed alone furnishes only incom- 
plete and sometimes false data, the graphic method carries its 
precision into the analysis of the very complex movements 
concerned in locomotion. We shall see, when we treat of the 
paces of the horse, that the disagreement we find among 
writers on this subject shows elearlj the insufELciency of the 
methods hitherto employed. 

Human locomotion, though much more simple in its mechan- 
ism, is still very difficult to analyse; the works of the two 
Webers, though considered as the deepest investigation of 
human locomotion that have yet been made, show many 
omissions and some errors. 

The most simple and usual pace iBvnlking, which, according 
to the received definition, consists in that mode of locomotion 
in which the body never quiu the ground. In running and 
leaping, on the contrary, we shall see that the body is en- 
tirely raised above the grouud, and remains suspended during 
a certain time. 

Id walking, the weight of the body passes alternately &on;i 
one leg to the other, and as ea&h of these limbs places itself 
in turn before the other, the body is thus continually carried 
forward. This action appears very simple at first sight, but 
its complexity is soon observed when we seek to ascertain 
what are the movements which concur in producing this 

We see, in fact, that each movement of the limbs brings 
und«r consideration a phase of impact and one of support in 
euch of these ; the different articulations bend aud exteud 
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alternately, while tlie muselea of the leg and the thigh, which 
produce these niovemeuta, pass through alteruutionB of con- 
tractioQ and relaxation. 

The intensity of the preaaui'e of the feet on the ground 
varies with the rapidity of walking and with the length of the 
step. Besidea this, the body.paeaea through periodical oscil- 
lations, the re-oction of the impact of each foot on the ground; 
and the different parta of the hody are aubjeet lo thi^re-actioa 
in various degrees. These oscillations are produced in difEe- 
rent directions; some are vertical, othere horizontal, eo that 
the trajectory wliich follows any point of a body is a very 
complex curve. In addition to thia, the body is inclined and 
drawn up again at each movement of one of the legs ; it 
revolves as on a pivot round the coxo-femoral articulation, at the 
same time that it is slightly bent following the axis of the 
vertebral column; and, uoder the action of the lumbar muscles, 
the pelvis moves and oscillates with a sort of rolling motion. 
At the same time the anterior limbs, exerting an alt«rntita 
balancing power, lessen the influences which, at each instant, 
tend to cause the body to deviate from the straight oouras 
which it strives to maintain. 

All these acts have been analysed with much sagacity by 
one of our pupils, Mons. O. Carlet,* from whom we quote some 
of the results which he has obtained. 

The motive force developed in walking, its pressuie on the 
ground in one direction, and ita propelling effects on the mass 
of the body on the other hand, are the three elements which 
will at first occupy our attention. 

Motive force, Thia ia found in the action of the exterior 
njuscles of the thigh, the leg, and the foot. The lower limb 
forma, as a whole, a broken column, whose angles are iMunded 
off, and whose return to the perpendicular is effected by pres- 
sure on the ground below, aud on the body above. This ia all 
that we can say on this head, which, if treated more at length, 
would require conaiderable amplifications. 

Pruaitre on the ground. This pressure, equal, as we have-J 
beforo seen, to that in tl|e opposite direction, which tends tO' 
impel the body forward, must be studied in its dttrtUian, itt- 
* O. Curia, Eli..le -111 1ji Manlie, Aiiiiiilo=.leaScienof» jiiiWrBUea, 1873. 
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W^phnses, mid its intensity. The registering apparatus enables us 
to do this perfeotl; ; an experimental instrumeat placed under 
the sole of the foot is connected with a lever which gives the 
aignals of the impact and of the riaing of the foot, as well as 
the expression of the force with which the foot is pressed upon 
the ground. We call this first instrument the ezperimental 
thoB, which may be thus descril^ed ; — 

Under the sole of an ordinary shoe is fixed with heated 
gutta perchft a strong sole of india-rubber 1 .', centimetres in 
thickness. Within this sole there is an air chamber, which 
is represented by dotted lines. 




This chamber liaving upon at a small piece of projecting 

;wood la compressed at the moment that the foot exerts its 

i on the ground The air expelled from this cavity 

■escapes by a tube mto a Iruin tcith a Iner attached which 

Registers the duration and the phases of the pressure of 

foot 

Let us suppose that the expeiimenter is provided on both 
feet with similar shoes and that he walks at a regular pace 
round a table which supports tlie registering appiiratus we 
shall then nnderstantl the arrangement of the experiment 

The registering instruments employed are already known to 
the reader they resemble in all points those which have 
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served for tlie investigation of the imiepular wave (fig. 7, 
[lage ;i7}. If we substitute in this figure an i<xperimental 
shoe for each of the myographicaJ clips 1 aaJ 2, we ah^l 
have the arrangement of the apparatus ueceasary for the study 
otfooUtepi or imparts of tlie fcwt on the ground. 

Fig. 20 has been furnished by an experiment in walking. 
Two tracingB are given by the intermittent presgure of the 
feet on the ground. Tlie full line D correBiKinds with the 
right foot; the dotted line with tlie left. 



H).— Tnulii^Th (:f tlw liupaut luid Iho rii 



ft /set hi niir ordinary wj 



Knowing the ammgoment of the apparatus, we can under- 
Htaud that each inipaet of the foot on the ground will ba 
represented by the elevated part of the correaponding curve. 
In fact, the preasure of the foot on the ground compresses tl 
india-rubber sole and diminishes the capacity of the included J 
air-chamber. A part of the contained air escapes by the con- 
necting tube, and passes into the registering drum. 

We see in fig. 20 that the pressure of the right foot, for j 
instance, commences at the moment when that of the left ' 
begins to decrease ; and that in all the tracings there is 
alternation between the impacts of the two feet. The period I 
of tupport of each foot is shown by a horizontal line which 
joins the minima of two successive curves. 

The impacts of the right and left feet have the same dura- ' 
tion, so that the weight of the body passes alternately from 
one foot to the other. It would not be the same with respect 
to a lame person ; lameness corresponds essentially with the , 
inequality of the impact* of the two feet. 

There is always a very short period during which the body 
is pBrtiallv siipportetl by one foot, but when it already he- 
gins tu rest on the other ; thta time is scarcely equal to the 
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Bixtli pnrt of the diiralion of a single impact or pressure of 
the foot. 

. Intensity of the pressure of the foot tipoii the ground. — The 
curves traced by walking may also furnish the measure of the 
effort exerted by the foot upon the ground. The expeiimental 
thoes constitute a kind of dynameter of pressure ; they cora- 
pi'esB the dnitn, less or more, aocording to the effort they 
exert ; and consequently they transmit to the registering lever 
more or less extensive movements. In order to estimate, 
ftciording to the elevation of the curve, the pressure exerted 
by the foot, we must aubstitute for the weight of the body a, 
certain number of kilogrammes. We see thus that, if the 
weight of the body (75 kilogrammes, for example) is sufficient 
to raise the lever to the height which it attains at the com- 
mencement of each curve, an additional weight will be required 
to raise it to the maximum elevation which it attains towards 
tlie end of its period of pressure. 

That proves that, in walking, the pressure of the foot on 
the ground is not only equal to the weight of the body which 
the foot has to sustain, but that a greater effort is produced at 
a given moment in order to give the body the movements of 
elevation and progression which we have just been studying. 
According to Mons. Carlet, thia additional effort is not more 

k than 20 kilogrammes, even in rapid walking, but it is much 

l^greater in running and leaping. 

Reactions. — We shall designate by this name the roovementa 
which the action of the leg produces on the mass of the body, 
These movements are very complex ; they are effected at the 
same time in every direction, and give to the trajectory 
which a point of the body describes io space, some very com- 
plicated sinuosities. The graphic method alone can enable 
us, at least as yet, to appreciate tlie real nature of these 
movements. 

In the first place, what point of the body shall we choose 
in order to observe the displacement caused by the act of 
walking ? Almost all authors have taken for this purpose the 
etntre of gravity, the point which Borelli places inter natei et 
pub'im. But if we reflect that the centre of gravity changes 
ns soon as the hody moves, that iu the flexion of tlie logs this 
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I centre rises, that it is altered if we raise our arms, that, i 
^ fei.'t, it deecribea within the interior of the body all sorts of 
\ movements, as soon as wo eeaee to be motiouless, it is easy 
iiiderstand that it will bo impossible to rofer to this 
\ ideal and movable poiut, the reactionary movements produced 
I by the pressure of the feet upon the grouDd. It will be 
L better to choose a determinate part of the trunk of the body, 
I the pubis, for example, in order to study its movemenla in the ■ 
I' act of waiting. 




The instrument which we have already employed will be 
Bpplicable fo the study of these displacements. 

Let there be two lever >lrntn», united by a long tube T T T. 
Let a vertical oscillfiry movement be given to one of these ] 
levers, so oe, for example, to carry the lever L downn-arda J 
iiito the position indicated by the dotted line, llie other lever I 
will be displaced iu the opposite direction, and will assume the 
position also shown by the dotted line near it. Under these 
conditions the lowering of one lever corresponds with the ele- 
Tfltion of the other, since the compression of the air in one of 
the drums must lead to its expansion in the other. If we 
wish to obtain from the two parts of the apparatus indications ' 
in the same direction, it woiild be necessary to turn one of ] 
the drums, so as to place ita lever downwards. 

Vertical otcillalioiit of the body. — Let us suppose that one of I 
leee levers traces a curve on the registering apparatus, while f 
I the other rests, by its point, on the pubis of a man who i 



vatking ; all the vertical oscillations of the pubis will be 



But, in order that the experimental lever may receive and 
'ansmit faithfully the vertical oecUlations which the pubis 
executes during the act of walking, the drum itself must be 
protected bam these oacijlationa. For this purpose an instru- 
ment has been invented, composed of two horizontal arms, 
which turn on a centre. These lums can move only in a hori- 
zontal plane, situated at the height of the pubis of the person 
under experiment ; to one of these arms is fixed the experi- 
mental l^er drum. 
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The person who walks, follows during this time a circular 
path, pushing before him the arm of the instrument, to which 
8 fixed the apparatus which is to experiment on the vertical 
oscillations of the pubis. We get thus the tracing repre* 
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r aenled by the line Pv (fi^. 22). It ts seen that th« pubis 

riaefl at the middle of tbe preaaure exerted by each foot, and 
einka at the inetaat when the neig^ht of the body pEtsses from 
one foot to the other. 

Tbe real amplitude of these oscillations b about 14 milli- 
metres, according to Mons. Curlet. This movement, however, 
varies with the leugth of tbe step ; it increases with it, but 
this increase does not depend on the maxima of the curve 
being more elevated, but on its minima being lower. 

We may explain these phenomena very easily. When the 
body is about to quit the support of one leg, this limb ia in 
an inclined position, and the reeult of its obliquity ia that its 
superior extremity which sustains the trunk is at a less height. 
The other leg, which renclies the ground at this instant, is 
slightly bent ; it will soon dr'aw itself up, and thus raise the 
body which is supported -by it ; but in this movement, tbe 
leg describes the arc of a circle around the foot resting on the 
ground J therefore, in the series of successive positions which 
it occupies, the body rises more and more as the leg which 
supports it approaches the vertical position ; it sinks again as 
the leg becomes oblique. 

We can easily pei'ceive that the length of the step lowers 
the trunk, by inoreusitig the obliquity of the legs. Indeed, 
the constant character found in the maxima of the vertical 
oscillations is explained by this fact, that the leg, when ex- 
tended and vertical, constitutes necessarily a constant height 
— that which auawers to the majcimum of the elevation of the 
body. 

Horizontal oscillaliont of Hie body. — The pubis, since that is 
the point whose displacement we are now studying, is carried 
alternately from left to right, and irora right to left, at the 
same time as it moves vertically. In order to register these 
movements, we make use of a lever-drum arranged in such a 
manner that the membrane is forced inwards and outwards 
alternately by the lateral movements which are given to the 
lever. During this time the registering lever, connected with 
it by means of the tube, oscillates vertically, in which direo- 
[tion nlooe tracings can be made on the cylinder. If, in the 
which is traced, tlie elevation corresponds with a trous- 
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fetenoe of the pubis towards the right, the depreHsiou will 
express a deviation of thia poiat towards the left. 

The experiment gives the curve O P A (fig. 22) for the 
traciug of the horizontal oscillations. It is first to be ob- 
served that the number of these oscillations is only half that 
of those which take place in tlie vertical direction ; so that 
the body is carried towards the right side at the moment oF 
the maximHm of elevation, wliiclk corresponds witli the middle 
of the pressure on the riglit foot, and towards the left at the 
middle of the pressure on the left foot. Thia lateral swaj'- 
ing of the trunli is the consequence of the alternate passage 
of the body into a position sensibly vertical over each foot. 

If we would give an idea of the true trajectory of the pubis 
under the influence of tliese two orders of oscillations com-- 
bined with forward niovemeutj we must construct a solid 
figure. With an iron wire bent in different directions, we 
may illustrate very clearly this trajectory. Fig. 23 is intended 
to represent the perspective view of this twisted iron wire ; 
^^^^^but we can scarcely expect the reader to comprehend clearly 

r 
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In short, according to the formula of Mons. Carlet, the 
trajectory of the pubis may be inscribed in a hollow half- 
oylinder, with its concave portion upwards, at the base of 
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L, and on the sides of which, the maxima ] 

tertniimte taDgentiDlly. 

Forward jrrogresi uf the body. — It is clear that during tlie J 
act of wolkiog, the body never ceases to advance ; hut tha ] 
forward movement has not always the same velocity. 
ap[>reciatfi these alternate pliases of ocoeleration and retarda- 
tion, it is nocesaary to employ a methid whiuh would give the 
measurement of tlin spaiie passed throu(fh during each of the 




movements in the act of walking, and which would also 
express the time employed in passing through each o' 
spaces. In order to obtain this double indication, we have j 
recourse to the following method : — 

It is necessary, first, to ascertain how far the body advances ] 
at the different instants of the a«t of walking. This measure j 
of the spaces passed through, is obtained by inscribing the J 
curves of locomotion, no long^er ou a cylinder turning with a.-l 
regular uiotion, but on an immovable ooe, ou which thej 
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registering levera are displaced by a quantity proportionate to 
tlie space passed through. 

For this purpose the cylinder is placed on the axis round 
which the instrument turaa, and ou the central end of one of 
these revolving arms the registering instruments are fixed. 
The ratio of the radius of the cylinder lo that of the circle 
described by the person walking, allows us to estimate in the 
tracings the length of the space passed through at each instant. 
This ratio was 50 to 1 in our experiments. 

Thus, in the tracing obtained, if from one point to ajiother 
we reckon an interval of a centimetre, this corresponds with 
60 centimetres passed over on the ground by the person 
walking. This fixst notion would be but slightly interesting 
in itself, since it would teach us nothing more than what we 
learn concerning the intervals tetween two positions of the 
feet, as measured on the grouad. The impressions left by 
our steps on soft ground would furnish in a very simple 
manner this measurement. But if, in addition to this know- 
ledge of the space traversed, the tracing gives us the intima- 
tion of the time passed in traversing it, we are provided 
with a method of estimating the rapidity of the advance of the 
body at every instant. 



HBM ua ffreatsat mpidlty of 
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Fig. 25 shows (line D) the tTEusings of the impact and rise 
of a limb, and those of the vibrations of a chronograph 
inscribed simultaneously. To obtain these tracings, we cause 
to converge at the same time, on the same lever-drum, two 
transmitting tubes, one of which conveys the variations of 



of the cTiangea in the pressure of the font on the ground, and 
of the vibrations of the tuning-fork ; and this produoea in a 
single tracing the interference of two movemente, giving at 
the sanie time the notion of the space traversed, and that of 
the time employed in passing ovar it. 

In order to analyse this tracing, let ua consider only, in the 
first place, the sinuoua curve which obeys at the same time 
the tuning'fork, and the experim.ental shoe on the right foot ; 
and in this curve let us only Gxamine the elevated part — that 
which corresponds with the pressure of the foot upon the 
ground. We eee that, during the duration of this pressure, 
the style has passed through a space on the cylinder measuring 
about 2 centimetres ; therefore, as the displacement of the style 
is fifty times less than that of the person walking, he will have 
advanced about one metre during tiie pressure of one foot. But 
while he traversed this metre, he did not advance with an 
uniform velocity ; in fact, during the first half of this distance, 
the tuuing-fotk made about four vibrations, whilst in the 
second, it has scarcely made two and a. half. Thua the foot 
which presses the ground with a force increasing from the 
commencement to the end of its impact, gives the hody an 
impulse whose velocity equally increases. 

During the rise of the foot, the line traced by the tuning- 
fork indicates also that the hody of the person walking 
progresses with an accelerated motion. That is easily under- 
stood if we remember that, in walking, the rise of one foot 
corresponds exactly with the tread of the other. It is, there- 
fore, the impact of the left foot on the ground which gives the 
body of the walking person an accelerated motion, which is 
observed during the rise of the right foot. 

This method appears to us applicable to all cases in which 
it ia necessary to measure tlie relative durations of different 
phases of movement. 

The inequality in the speed of the man who walks brings 
with it an important consequence. When a man drags a 
load, the eSbrt which he makes oannot be constant ; at each 
foot-fall a redoubled energy ia produced in the traction that is 
developed, and as this increase of effort has hut a very short 
Uuralion, a seiiua of shocks, as we may cull them, occuis at 
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each inatant. But we know tliat these aliot^kH ore very u 
fftTourfible to the full utitizatioa of mechanical force ; we have 
explained (pu^e 49) the inc30Dveaieiice which would i 
from them ia the work of liviog motive a^nte, and the 
manner in whioh these HboultH are lessened by the elasticity 
of muscular fibre. 

Under the coaditione in which a man dragging a load ii 
pitioed, if he ie attached by h rigid strap to the mass which 
he has to draw, the shocks of which we have spoken will be I 
produced, and he will feel their reaction on his shoulders. In 
order to avoid these painful jerks, and to utilize more fully 
the effort which he makes, we hare placed between the car- 
riage and the traction strap an intermediate elastic portion, 
the effect of which has answered our erpectations. 

We are endeavouring to oonatruot analogous oontrironces, 

I which may be adapted to the traces of ordinary carriages, » 
as to lessen the violenoe of the pressure on the collar, and b 
utilize more fully the strength of the horse. 
as 
Ih 
•k 
: 
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CHAPTER m. 

THE DTFKKRENT M0UE8 OF PROQEE88ION USED BY MAN. 

Description or the ipparntas for the parpoae of studying the variona modes 
of progTMBion ueed by dibd— Portsbie registering kppiiratUB— Experi- 
mental appumtnn fur verticnl reactions —Wulkiiijf — Running — Gallop 
—Leaping on two feet and hopping on one— Notation of tlieaa various 
metlioda— Detinitiuu of a pace in any af these kinds of loeomutiun 
— Synthetic teprtHluotion of tbevoriuusi mmli-s nf ]]rogrtHsion. 

Thk principal modes of progression employed by animals, 
are walking, which we have already described at some length 
OB far as it relates to man, running at different rates of speed, 
the gallop, and leaping on one or two feet. 

The act of walking varies according to the nature or tlie 
slope of the ground ; wo shall have to treat of these different 
iofluencee. 

In this new study it is ou longev pussible to employ the 



MODES OF PROGKESSION D8ED BY MAN. 



th. 



'kpparatuB which we have used in our previous i 
*■ lie circular and horizontal track on which the experimenter 
was obliged to walk must be exchanged for smTaces of everj 
kind and of every slope. 

If the new instruments to which we must hat 
leave the experimenter more liberty in 
are, on the other hand, relativel; less complete as to the indi- 
cations which they furnish ; therefore, we can only require 
from them two kinds of indications ; those of the pressures of 
the feet on the ground, and those of the vertical re-actions 
which are communicated to the body by these pressures. 

Fig, 27 shows a runner furnished with apparatus of the 
new construction. He wears the experimental shoes which 
we have already described, and holds in his hand a portable 
registering instrument, on which are traced the curves produced 
by the pressure of his feet. Aa the cylinder of this instru- 
ment turns uniformly, the curves will be registered in propor- 
tion to the time, and not to the space traversed during each 
of the acta by which this curve is traced. 

In order to facilitate the experiment, and to ^ow the 
apparatus to assume a uniform motion before it traces on the 
paper, we have recourse to a special expedient. The points 
of the tracing levers do not touch the cylinder ; but in order 
to bring them in contact with the paper, an india-rubber ball 
must be compressed. As soon as this compression ceases, the 
points retreat from the cylinder, and the tracing is no longer 
produced. In fig. 27 the runner holds this ball in his left 
hand, and compresses it with his thumb. 

In addition to this, the runner, in order to obtain the 
tracings of the vertical re-aotions, carries on his head aa 
instrument whose arrangement is represented in fig, 2S. 

It is an experimental Uver-drunt fixed on a piece of wood, 
which is fastened with moulding wax on the head of the ex- 
perimenter, as seen in fig. 27. The drum is provided with 
a piece of lead placed at the extremity of its lever ; this mass 
acts by its martia. 

While the body oscillates vertically, the mass of lead resists 
thcHC movements, and causes the membrane of the drum to 
sink when tlie body rises, and to rise when the body descends. 
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From these alternate actions a eurrent of air reaulta, which, 
traDBinittfid by a tube to a registering lever, showa by a. curve 
the Dsdllatoiy movements of the body. 



I 

^^^^B We will not enter iuto tlie details of the experiments which 
^^^^Uukve served to verify the exactitude of the trftcings thus 
^^^■obtained ; they consisted in adjusting the weight of the disc 
^^^^Pof lead and tlie elasticity of the membrane of the drum, 
^^^^until the movements given to the apparatus are faithfully 
represented in the tracing. 

We will call step-curves each of the curves formed 1 
^^^^ pressure of a foot upon the ground, and we will designate by 
^^^Kj^e name of ascending or deeceoding oscillatious, the curve of 
^^^^Efhe vertical re-actions on the body. 

^^^F. I. Of U'olkiiig.—We have already pointed out the Aistinc 

tive character of walking considered as one of the modes of 

progression in man. We have said that the body, i 

never leaves the ground, and that the footsteps follow each 

^^^^ other without any interval, so that the weight of the body 

^^^Lpasses alternately from one foot to the other. 

^^^V^ But this definition cannot apply to walking on an inclined 

^^^^^urfaoe, on yielding soil, or upstairB. Being obliged to ) 

rapidly over these peculiar conditions of walking, we will only 
give the tracing which corresponds with the act of mounting 
a staircase (fig. 29). 

It is to be remarked that the sUp-ctirvei encroach on each 
other, showing that each foot is still pressing on the ground, 
when the other has already planted itself on the next step. 
Besides this, it is at the time of this double pressure that 
the lower foot exerts its maximum force ; it is at this moment, 
in feet, that the work is pi'odil.ced which raises the body to 



^ 



the whole height of a step. 
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Nothing like this is observed in the descent of a staircase ; 
the etep-curres cease to encroach on each other 
each other very nearly as in ordinary walking on level ' 
ground. 




Balking upftaii-i. X}. trjLcInff of tliQ pr^Aai 
11 llnel. CI. tndriti of [he Ten li>:t (doll 



2. 0/ running. — ^This mode of progression, more rapid I 
than walking, coDsiste, like It, in alternate treads of the two 
feet, whose step-curves follow each other at equal in'<,^rTalB; 
but it presenta this difference, that in running, the body 
leaves the ground for an instant at each step. 

Accordingly, as running is more or less rapid, different 
names are given to it ; thoaa of the gymnastic march and tiiB 
trot present no utility iu a physiological point of view ; they 
correspond, with hut alight variations, to running at various 
degrees of speed. To ascertain the principal characters of 
this mode of progression^ it is only necessary to analyse 
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The pressures of the feet are more energetic than 
walking; in fact, tiiey not only sustain the weight of i 
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body, but impel it with a certain speed both upwards and 
forwards. It is kuou-a that to give a. mass a rising motioii, 
a greater effort rauat be exerted than wotild be auiiicieBt 
simply to auataii) it. 

The duration of the presaurea on the ground is leaa than in 
wallting; thie brevity ia proportional to the energy with 
which the teet tread on the ground. These two elements, 
force and brevity of preasure, increase generally with the 
speed at which a person runs. The frequency of the foot- 
falls increases also with the epeed of the runner ; but among 
the various kinda of running, there are some in which the 
extent of apace passed over in a given time dependa rather ■ 
on the extent of each pace than on. their number. 

The esHOntial character of running is, as we have eaid, the 
time of suspension during which the body remains in the air 
between two foot-falls. Fig. SO clearly shows the suspension, by 
the interval which separates the descent of the curves of the 
right foot from the ascent of the curves of the left foot, and 
vice vend. The duration of this time of suspension seems to 
vary but little in an absolute manner ; but if we compare it 
with the speed of a runner, we see that the relative time 
occupied by thia auapension increases with the speed of the 
course, for the duration of each tread dimiciHliea in proportion 
to this speed. 

How is thia anspension of the "body at each impulse of the 
feet produced ? We might think, on first consideration, that 
it ia the effect of a kind of leap, in which the body ia pro- 
jeeted upwards in so violent a mEuiner by the impulse of the 
feet, that it would describe in the air a curve, in the midst of 
which it would attain its maximum elevation from the ground. 
In order to convince ourselves that such is not the case, let us 
make use of the apparatus which registers the re-actions or 
vertical oacillationa of the body. 

In fig. 30 is seen (upper line O) the tracing of oscillations 
in running. Thia trace shows us that the body executes each 
of its vertical elevations during tlie damnuMrd pressure of the 
foot, so that it begins to rise as aoun as the foot touches the 
ground ; it attains its maximum elevation at the middle of the 
pressure of this foot, and begins to descend again, in order to 



reach its minimuTn, at the mompnt wliea onp f(iot hi 
riBen, and before the other has reached the ground. 

This relation of the vertical oBcillatioiis to the pressure 
of the feet shows plainly that the iim» of tiispeimon does not 
depend on the feet that the body, projected into the air, has 
left the ground, but tliat the legs have u-ithilrawii /rnm tJU 
ground by the effect of their fiexion ; and this takes place 
the very moment when the body was at its greatest elevatioi 

We shall have again to recur to these phenoi 
come to speak of the pa^es of the horse, in which a similar^ 
auspensiou of the body exists, and which ore called on that 
.account elmaled pacei. 

The iuftueuee of the different inclinations of the ground 
acts in nearly the same manner in running as in walking, 
with this difference, that in running, their effects are general^ 

S. Of the gallop. — In the modes of progression described 
hitherto, the movement of the limbs is regularly alternate, ao 
that the successiou of steps is made at equal intervals. 
These are the normal kinds of human locomotion ; but man 
can imitate, to a certain extent, by the movements of his feet, 
those periodically irregular cadences which aje produced by ^ 
horse when he gallops. Children, in their amusements, ofteai]' 
imitate this mode -of locomotion, when they play at horut. 
This abnormal kind of motion is of no interest, except tQFv 
explain the mechanism of the gallop in quadruped! 

By registering togetlier the step-curves and the re-actiont^ 
it is seen (flg, 31) tbat the foot placed behind is the first 
which reaches the ground; that it exerts an energetic 
prolonged pressure, towards the end of which the foot in izont 
touclies the ground in its turn, but during a shorter time ; 
after which there is a. considerable period of suspension. 
Thus, there is a moment when the two feet are in the air, 

In this mode of progression, the re-actions are similar In 
character, in some respects, to the pressures. In fact, a long- 
re-action (line 0) is produced, in which we recognise the^ 
interference of two vertical oscillations, the second of whiok 
commences before the first lias finished. After this re-actioil> 
there is o^iscrvod a lowering of the curve, win 
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oDrreaponds yriOi tlie moment ivhen the two feet are in 



The curve D. vhloh cnrreapunds wilh th 
if tbe two HHcc9iiiiTB impuiKea extirUid 01 



^^B a viopenftiui] of tbe body- 
^H n-ai!U<Rix, gbaitB tbs effEC 
^M the bod; by tba feet 

4. 0/ leapiiiij. — Although leaping is not 
of progjeasion in human loromotion 
about it, in order to complete the 
which man is able to execute. 

The two feet being joined together, we can make a eeriea 
of leapa, and advance thus, by imitating the mode of locomo- 
tion of some birds, or of certain quadrupeds, as the kangaroo. 



mode 
will say a few words 
of the movements 



The apparatus intended to illustrate the vertical oseillationa 
of the body, being placed on tlie head of the experimenter, 



I 
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we get three tracings atoni-e ; those of thepressurett of the twoi^^^f 
feet, and that of the re-actious ; theae furnish fij^. 32 ^^H 

We see here tliut the maximii of the curve of re-actiooi^^H 
(line R) ooiucide with the pressures. Thus, by their united.^^^| 
eaergj, tlie two legs raise the bodj, aud then let it fall a^iD at^^^| 
the momeut wliea they tieud aud prepare to act afresh. ^^^| 

Hoppiug on one foot giv«8 the tracings (fig. 33} whiol||!^^^| 
only consist in the pressare and rise of a single foot. ThB^^^f 
elevations of the liody coincide with the step-curves In faoti ^^^| 
when the speed of Uie leap is lesseaed, It is prolonged mon ^^^| 
especially at the period of the pressure of the foot oq tiie^^^| 
ground, that of Busponsiou reoiainini^ very nearly touatant. ^^H 

Pio. 33— D. Mrtu of h"p» on Uio rtgbt foot, Tbe dunitloii of tlia tUuo 
o( Huiponsl™ renuiliin u.idu.iUy cumtaat. evun when thEit of tLu prmiiurB 
or thi.' foot V4Uiui>. 

In certain species of animala, successive leaps constitute ^^M 
the ordinary mode of locomotion; it will be interMting to ^^M 
study by the graphic method the various paces of theae ^^M 

"■—=,....■."-•• 1 

Among the characters of various modes of progression, ^i^^^M 
is the rhythm of the impact of tbe feet which is the mosi^^l 
striltiiig. The strokes of the feet upon the ground give rin^^^| 
to sounds, the order of whose succession is sufficient for a per- ^^^ 
son with an ear accustomed to fhem to recognise tbe kind of 
pace which originates them. We will, therefore, endeavour 

to this order of siiccession. ^^^M 

In order to give the figure of each of these rhythms, we shalll^^^l 

employ the musical notation, modified so as to furnish at tlift^^^| 
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same time the notion of the duratioo of each pressure, that of 
the foot to which this pressure belongs, and also the length of 
time during which the body is euspecded. This notation of 
rhythms is constructed in a very simple manner from the 
tracings furnished by the appMntus. 
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Fig, Si 

Let us return (fig. 34) to the curve which corresponds with 
the act of running in man. Below this figure let us draw 
two horizontal lines — I and 2 ; these will form the staff on 
which will be written this simple music, consisting only of 
two notes, which we shall call right foot, left foot. From the 
commencement of the ascending part of one step-curve be- 
longing to the right foot, let us let fall upon the staff a per- 
pendicular (o) ; this line will determine the commencement of 
the pressure of the right fixit. A perpendicular {h) let fall 
from the end of the curve will determine where the pressure 
of this foot ends. Between these two poiats, let us trace a 
broad white line ; it will express, by its length, the duration 
of the pressure of the right foot. 

A BimQar construction made on the sftep-curve (No. 1) wiU 
give the notation of the pressure of the left foot. The nota- 
tions of the left foot have been shaded with oblique lines to 
avoid all confusion. 

Between the pressure of the two feet there is found to 'besilence 
in the rhythm ; that is to say, the expression of that instant 
of the course when the body is suspended above the ground. 
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If we not« in this manneT the rhythms of all the pnci/i 
by man, we shull obtain a synoptical table whicii will n 
facilitate the mmparison of theae varied rhythuia. Fig. 25 1 
repreeentfi the ii/iiupUcal notation of the foiu' kin<ls of progreft' ■ 
siou, or paces, which are regularly rhythmiuul, and ia wliiuh T 
the two feet act alternately. 

Line 1 re^iresents the notation oj the rhythm of lli« voalking 
pace. This ia the principle of the repreiteututiou. 

The pressure of the ripht fiwt on tlie ground is represButod 
by a thick white stroke, a aort of rectangle, the leugth of 
which correspouda with the diiratioa of that preamirB. For 
the left foot there is a greyish rectaugle shaded with oblique 
linea. 

These alternations of grey and whit« express, by their suo- 
cession, that in walking the pressure of one foot aucceedfi the 
other without allowing any interval between the two. 




L 



Line 2 is the notation which corresponds with the atcma t^ 
a staircMe. It is seen, agreeubly with what has been alrea^ 
explained (fig. 29], tliat the step-curves encroach on eaah 
other, and that, consequently, the body during an instant reate 
on both feet at once. 

Line 3 corresponds with tfie rhythin of runniiiy. After a^ 
shorter step-curve of the right foot tliau in the walking pace, I 
an interval is tieen which correspouda with the suspension ofl 
the body ; then a sliort impulse of the left foot, followed by a J 
&esh suspension, and so on continually. 

Line 4 auswers to a more ra/iid rale of running. We find i 
it u shorter duration of the pressures, a longer time of t' 



>FiQ, 3i!.— Notations of tliogiUlfip, 1. LofttTUlop E Bight gallop. 
I, Fig. 36 is the notation of the gallop of children, a mode of 
progression in which both the feet do not move in the earoe 
manner. In this figure, line 1 representa the left gallop — that 
is, with the left foot alwava forward. It is aeen that the right 
foot presaea on the ground first; then the left falls and touches 
the ground for a shorter time. 

Then, there occurs a suspension of the body, after which 
the right foot falls afresh, and so on. The time of the simul- 
taneous pressure of both feet is measured according to the 
apace by which the shaded rectangle rests on the white one. 

Liue 2 is the notation of tiio rigid ijallop ; that is to say, 

when the right foot ia always in adrauee, reaching the ground 

' later than the left. Thus, in tha gallop, the body is sometimes 

in the air, sometimee on one foot, and sometimes supported 

by two. 

Finally, the notations represented in fig. 37 would be: 
upper line, a series of jumps on two feet ; lower line, a series 
of kojis on the right foot only. 




gio, ST.— (nppor Una). oof«tfoii.of a Mries of jump? on two (eat, (Lowor 
L n toe'"dl'"'t? "' '("'" "" "-^^^ '""" - "■ " ^™" ""** "'°™ '" ™''"™"' 

^^^^ ThiE method of represent atiuu is lesa complete than the ^H 
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curves given before, for it does not iudiuate the phases of 
variable preesure exerted by the foot upon the ground ; but it 
is much more simple, and allows the two modes of progression 
to be conipftred much more easily than the other.. It will be 
seen farther on, when speakiTig of quadrupedal locomotion, 
that the complication of the aubject rendere it indispensable 
to employ this very simple notation of the rhythm of move- 

Definilion of a pace in any kind of ps'nr/retsion . — It is usually 
considered that a pace is produced by the series of movements 
which ate executed between the action of one foot and that 
of the other, whether we choose for the tommen cement of 
the pnce the instant tliat tlie feet reach the ground, or that 
■when they rise irom it. Tims, in measuring a pace on the 
ground, we usually take as its length the distance which 
separates one portion of the print of the right foot from 
a similar point of the iinpressiun made by the left. 

We shall be obliged to depart from this usage. Although 
we regret any innovation, yet we shall consider the standard 
pace only as half a pace, and we shall thus define it : A paci 
is the aerieg of moeemeiiU executed between two similar poeitiont of 
the tame foot — between the two successive Ireada of the right 
foot, for example, or two sm:ceesive elevations of the left 
foot, &c. 

In the same manner the extent of a pace on tho ground 
will be the distance which separates two homologous points 
taken in the two successive imprBBsions of the same foot. 
The pace is estimated in this manner in Mexico. This is the 
only method of counting which will prevent errors in the very 
complicated moments of quadrupedal progression. 



Since we have conipleted the analysis of a phenomenon of 
which wo now seem to understand all the details, it is by 
synthesis that we will endeavour to construct a counter-proof. 
This method has proved vary useful in. verifying our theories 
concerning certain physiological actions, as, for instance, the 
circulation of the biood. It consisted in representing;, by artl- 
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fioial means, the movemente and the Bounds of the heart, the 
arterial pulsations, Sec., and we thus proved the correctness 
of our theories as to the nature of these phenomena. The 
aanie method will serve hereafter to verify our theories of the 
flight of inBeeta and birds. In the present case it is necessary 
to represent, according to the data afforded by analysis, the 
movements of walking and of the other paces employed by 
man. 

Every one knows the ingenious optical instrumont inTenf«d 
by Plateau, and called by him " Phenakistoscope." This 
instrument, which is also known by the name of Zoofcrope, 
presents to the eye a series of successive images of persons or 
animals represented in various attitudes. When these atti- 
tudes are co-ordinated so as to bring before the eye all the 
phases of a movement, the illusion is complete ; we seem to 
see living persons moving in different ways. 

This instrument, usually constructed for the amusement of 
children, generally represents grotesque or fantastic figures 
moving in a ridiculous manner. But it has occurred to us 
that, by depicting on the apparatus figures constructed with 
cMTe, and representing faithfully the suwessive attitudes of the 
body during walking, running, &c., we might reproduce the 
appearance of the different kinds of progression employed 
by man. 

Mons. Carlet, whose^remarkable studies of walking we have 
before quoted, and Mons, Mathias Duval, professor of anatomy 
at the £lcole des Beaux-arts, have carried out this plan, and, 
after many attempts, have arriv«d at escellent results. 

Mons. Duval is engaged in perfecting his diagram, whioh 
&irnishe8 to the eye sixteen successive positions for each kind 
of locomotion employed by man. Each figure is carefully 
drawn according to the results afforded by the graphic method. 
When rotated with suitable speed, the instrument shows, with 
perfect precision, the diflerent movements of walking or run- 
ning. But its principal advantage is that, by turning it less 
quickly, we cause it to represent the movements much more 
slowly, so that the eye can ascertain with the greatest facility 
these actions, the succession of which cannot be apprehended in 
ordinary walking. 
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CHAPTER IV. 

QUADHDPEnAL LOCOMOTION STUDIED IN THE HORSE. 

lusiiSciency of the Beiisea Tot tlie annlysis of the paces of the borae- 
C<nii)nri(Kinof DiiKCB— RhythmHof the paces otuiliod by means of ths | 
ear — Insufficiency uf lungiiage to express thesp rhythms — Uusiwl 
natation — N'otatioQ of the amble, of the waUcing pace, of the tml — 
Synoptical table of paces noted nccording to tha ileRnitiun of each of 
them by diflereat authnrs— InatrumDnts intended to determiDe by the 
graphic method tha rhythms of the vnrious paces, and the m-actitma 
which accompany them. 

These is scarcely any branch of animal mechaaics which 
has given riaeto more labour and greater controversy than the 
question of the paces of the horae, The subject is one of 
great importance to a large number of persons engaged in 
ej>ecial pursuits, but its estreme complexity has caused in- 
terminable (liacussions. Any one who proposed at the present 
time to write a treatise on the paces of the horae, would have 
to diaeuBB many different opiuions put forward by a great 
number of authors. 

While reading these works, on whi^h so much sagacity of 
obseryation and such rigorous reasoning have been expended, 
one is astonished to find that the greater number of these 
writers are not agreed in their deflnitiuos of the paces. This 
disagreement in similar observers can only be accounted for 
on tiio principle of the insuflicien<'y of the means at their 
disposal to enable them to analyse the very complex and rapid 
movements of the horse. The difficulty of eKpresaing in , 
words the rhythms and the durations of these va 
meuts adds still more to tlie confusion, When a horse is 
Tunning, and passing Irom one kind of motion to another,' 
when he moves his limbs with a rapidity which makes one 
dizzy, and according to the most varied rhythms, how c 
appreciate and describe faithfully all these actions ? It would ] 
be as easy a task, after lookiug at the fingers of a pianist < 
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F irhea running over the ieys, to try and describe the move- 
ments which have just been executed. 

Still, in the midat of this confusion, it has been found 
possible, by observation alone, to establish certain divisiona 
which singularly simplify the study. Thus, certain paces give 
to the ear a rhythm in which the strokes of the hoofs succeed 
each other at sufficiently regular intervals; others, such as tlie 
different kinds of gallop, offer an irregular rhythm, recurring 

r at periodical times. These latter paces are the most difficult 

wto analyse. 

I But if we observe a horse either at a walking pace, ambling, 

i or trotting, and if we concentrate our attention oa the anterior 
limbs alone, or on the posterior ones, we perceive that the 
rhythm of the impacts and elevations of the right and left 
foot entirelj' resemlile those of the feet of a man walking or 
running more or leas quickly. The alternation of the strokes 
of the feet is perfectly regular, if the horse be not lame of 
one of the limbs imder observation. 

If we then pass to the comparison of the movements in the 

. two fore and hind legs on the same side, we see that the two 

t feet on the right side, for example, make the same number of 
steps, and that if one of them strikes the ground at a greater 
or less interval before the other, this is preserved as long as 
the same pace is continued. Add to this that the length of 
the step is the same for both the fore and hind limbs, of 
which fact we may convince ourselves by seeing that these 
two feet always leave on the ground prints situated at the 
same distance from each other. In general, the hind-foot 
covers the print left by the corresponding fore- foot ; if the 
prints be not. covered, they preserve always the same distance 
from each other. Thus, the steps of the fore and hind legs 
are of the same number and the same extent ; these facts 
have not escaped former observers. 

Dugds has compared the quadruped when walking to two 
men placed one before the other, aud following each other. 
According as these two persons (who ought both to take the 
same number of steps) move their limbs simultaneously, or 
alternately ; accordiug as the man in front executes his move- 
ments more quickly or more slowly than the one behind, we 
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see all the rhjthms of the raovementB which chtirocterise 
the diiferent paces of the horse reproduced. 

Every one has seen in the ciroue or the masquerade those 
figures of animals whose legs are formed by those of two men 
with their bodies couceoled in that of the horse. This gro- 
tesque imitation bears a striking resemblance to the aaimal, 
when the movements of the two men are well co-ordinated, so 
ae to reproduce the rhythms of the paces of a real quadruped. 

la the esaminatiou of the tracings furnished by the graphic 
method when applied to the puces of the horse, we may have 
recourse to the theory propounded by DugSs ; we shall then 
find the curves furnished by human locomotion twice repeated. 
We shall see that the difierence between one pace and another 
consists in the manner in which the footfalls of the hind leg 
of a horse succeed each other, with relation to thoao of the 
fore leg on the same side. But this determination of the 
order of the succession of footfalls presents singular difB.- 
oultiea, even for the most skilful observers. 

Many attempts have been made to bring to perfection the 
means of observation, and to remedy the lasufBciency of 
language in the description of the observed phenomena. 
Long since, the rhythm of the steps according to the sounds 
which they produce has been substituted for their examination 
by means of the eye. The ear, in fact, is better adapted than 
the eye to distinguish the rhythms or relations of succession. 
To ascertain the order iu which each limb strikes the ground, 
certain experimenters have attached to the legs of the horso 
bells of different tones, wliich can be easily distinguished from 
each other. 

A point which has been better ascertained with respect to 
the locomotion of the horse, is the determination of the space 
passed over on the ground during each of the various kinds 
of paces. This space has been directly measured by motms 
of the distance between the prints of the feet left c 
ground. To render the distinction between the footprints 
more easy, each of the animal's feet has been shod i 
diiferent manner. Besides this, observers have studied the 



proportion which exists betwi 
the length of its various pat 



1 the height of the animal and 
All those who have made 
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any progreas in this interesting study have arrivBd at it by 
the employment of rigorous methods of observatiori. 

On tjie other hand, the manner of expressing the observed 
phenomena has occupied the attention of different authore. 
Almost all have had recourse, with great advantage, to the 
use of drawings, hut have agreed but little in their mode of 
representing the euccesaive actions which oharaeterise the 
different paces. The most perfect kind of representation 
is that employed during the last century by Vincent and 
Goiffon* A sort of musical staff, composed of four lines, 
served to note the instant of each impact of the four feet, and 
the duration of the succeeding preasurea on the ground. This 
notation resembles, to a certain degree, that which we have 
employed to represent the different rhythms of human loco- 
motion, and which will hereafter serve to explain the various 
paces of the horse. But we must not forget that the method 
of Vincent and Goiffon only expressed a succession of move- 
ments observed by the sight or the ear, and that it realised no 
greater exactitude than that of the individual observer. 

Our registering instruments resolve the double problem of 
analysing with fidelity the acts which the senses could not 
accurately appreciate, and expressing deaily the result of this 
analysis. 

Before we describe our experiments, we shall, in order that 
the reader may understand their utility, try to present a 
summary of the present state of the science, and to show what 
disagreement exists on various points among different authors. 
As the standard deffnitions are not always easy to be under- 
stood, we shall add to them the notation of each of the paces, 
trusting that this method of representation will render them 
more intelligible, and especially more easy to be compared 
with each other. 

Notation of the various paca of ilie liorse. — Recurring to the 
comparison used by Duges, let ns represent the horse as com- 
posed of two bipeds walking one behind the other. We must 
determine the manner in which the rise and fall of the feet 



* Mimoiie >rtificielle dee prinnipes nlatifa k la fidile repr^si^i 
i en peinture t^u'en sculpture. Aliord, 1760. 
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!iicc<>e<l each other, in each of the' iMreons siipjmsed to he 
walking. 

Of ihf arnbl-e.— Let us take the simplest case, in wliich the 
two persons widking atendily go through the eaino moveniBnta 
at the same time. If we repreBent, by the nntation before 
employed, the raovementB of these two men, placing at the top 
the notation which belongs to the foremost, and below it that 
of the hindmost, we shall have the following figuro :^ 



The footfalls of the right and left foot being produced at 
the same time by the person walking in frout and by him who 
follows, must be represented by similar signs plai-ed exactly 
over each other. Thus, in the paces of the horse, this 
agr«emeut between the movements of the fore and hind limbs 
belongs to the amble. The notation (&g. 38) will be that of 
a horse's amble ; the upper line referring to the fliovementa i 
of the fare quarters of the animal, and the lower line to the 1 
hind limbs. 

The standard definition is the following: "The amble is a | 
kind of pace characterised by the alternate and exoliisive 
action of two lateral bipeds." Authors are entirely agreed On I 
this point. Let us add that in the amble the ear perceiveB ] 
only two beats at each pace, the two limbs on the same side 1 
striking the ground at the same instant. In the notatioa 
these two sounds are marked by vertical lines joining tlie two / 
synchronous impac'ts, J 

In the amble the pressure of the body on the ground ia4 
said to be lateml, as the two limbs on one side only ara in I 
contact with the ground at the same time. 

Of the walkiiiy pace. — According to the definition of thO J 
greater number of authors, the walhing pace consists in an J 
equal succeaaion of impbicta of the f.ur feet, which strike thsj 
ground in the following order : if the right foot be conaideredf 
as moving first, we shall have the following succession — rijrht:! 
fore-foot, left hind-foot, left forefoot, and then right hind-foot. 
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To expresa this BucMSHion of movements of the two persons 
walking, il is only necessary to alter the place of the signals of 
the hind feet with respect to those of the fore feet. We shall 
obtain the rhythm ladicatod by authors by causing the signak 
of the hind feet to slip towards the left, which will give the 
followiag figure : — 



It is aeen, therefore, that when compared with the amble, 
the walking pace consists in an anticipation of the hinder 
limbs, whose footfalls precede those of the corresponding fore 
limbs by the half of the duration of oae of their pressures 
on the ground. 

If the notations be read from left to right, like ordinary 
■writing, it is evident that each sign situated farther to the 
left than another precedes it in order of succession. Thus, 
in fig. 39, the impact of the right hind-foot precedes that of 
the right fore-foot. But as it is of httle consequence, in the 
series of successive acts of the aame kind of pace, whether we 
choose one instant rather than another as the point of depar- 
ture, we shall always take as the commencement the impact 
of the right fore-foot. 

The ear distinguishes four beats, separated by regular 
intervals, each of which is indicated In the notation by a 
vertical line. Finally, the body rests on the ground twita 
latentUy and twiee diagonally during one entire pace. It is 
easy to ascertain this by looking at fig. 39, in which, after 
the first impact, the body rests on the right feet (lateral biped 
L) ; after the second impact, on the right foot in front, and 
the left foot behind (diagonal biped D), &c. 

But this notation only expresses the theory of the most 
extended pace. The equality of intervals between the strokes 
of the feet is not admitted by all writers. We shall see, in 
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the course of our experiments, that the walking pace, in fact, 
may present different rhythms. 

Of the fro(.— Tiie notation of the trot is obtained by a ' 
more decided anticipation of the hinder limbs, each of which , 
will have entirely completed ite pressure on the Rmund, 
and l>egun to rise at the moment when tlio fore-leg on the 
same side has completed its stroke. Fi{{. 40 expresses the 
absolute altematioa of the two persona supposed to be 
walking. 



Authors B^iea also on this point, that in the trot, the ' 
limbs which act together are asBOciated in diagonal pairs. ' 

The ear perceives bnt tu-o sowidt of the hoofs, as in the 
amble, but with this difference, that it \n always a right and 
left foot together, and not two feet on the same side, which ; 
produce each sound. . 

The notation also shows that the pressure of the body on the I 
ground is always diagonal. What it does not express is, that ' 
between successive pressures, the body of the animal is, for an i 
instant, suspended in the air. This suspension arises from 
the feet that the trot is not a vaiking, but a running pace, and J 
that to represent it faithfully we must place together two j 
notations similar to that which is represented in fig. 34. 

We have designedly omitted the time of suspension in the I 
former notation ; it woidd ha.ve rendered a difficult subjeot J 
still more complicated. Besides, this suspension does not I 
always take place ; certain horses have a law trot, which has I 
nothing to characterise it except its rhythm in double time | 
and the diagonal impacts of the feet. 

We will not fatigue the reader by detailing the definition I 
of all the paces admitted by different authors. We shall 1 
merely present in a synoptical table the series of notations j 
which correspond with them. In this table (fig. 41) it i 
seen, that all the loiter paces may be considered as derived J 
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^^^B'iTDm the amble, and that if we wishes] to make a metliodlcal 

^^^^ clasBifioation, we sliould group tliem in a aeries of wliich the 

atqble would he the first term, aad all the other terms would 

be obtained by meanB of an increasing anticipatioii of th 

r movements of the hinder limbs. Fig. 4 1 represents this series. 

^^^^In the notation of each kind of pace, we have left on the same 
^^^^nertical the impact of the right fore-foot, which we shall choose 
^^^HwB the commencement of each pace, and which will serve aa 
^^^™ a point of reference to characterise each kind of hicomotiou. 

This table, prepared from, different treatises on the hone, 

represents as faithfully as we liave been able to depict it, 

' that which each author admits as constituting each particular 

■kind of pace. The explanatory notes ehow tiie disagreement 
^bich esiatfi between the various theories relative to the s 
ibession of movements which oharacteriae eath of them. Thus 
rtre see, that with the exception of the amble, on which all 
are agreed, all the other kinds of paces are defined i 
different manner by various authors. Thus, the notation 
!No. 2, which, according to Merclie, would correspond with' 
the broken amble, would be, according to Bouley, the expres- 
sion of the high step, or the pace of Norman ponies ; while 
this same Norman pace would be, according to Lecoq, that 
which is represented in No. 9. Ws also see that the notation 
of No. 3 would correspond, according to Merche, with the 
orditiary step of a pacing horse, while Bouley would consider it 
OS a broken amble, and Lecoq the traguetuide ; which traqiieimde, 
according to Merche, would not differ from the pace repre- 
sented by the notation No. 10. The ordinary walking pace 
itself is not understood in the same manner by different 
writers, and if the greater part of them, with Vincent and 
Goiffon, Colin, Bouley, &c., admit in this pace a 
impacts at unequal intervals, it is to be observed that the 
^^^ tlieory of Lecoq and Eaabe, concerning the normal pace, ie 
^^^^^different. 

^^^B This disagreement can easCy be explained : first, the 
^^^^ffobservation of these movements is very difficult ; then, each 
^^^^pace must naturally present, according to the conditions 
imder which it is studied, the different forms which each 
writer has arbitrarily tukeu as tUe type of the uormal walking 
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'pace. Eofh one hns Buflfered himself to be guided in this 
reepect by tbeoretical cooBiderations. Those who admit equal 
intervals between the four footfalla, have thought that they 
found in this type more clearness and a more decided dis 
tinction between the amble ami the trot. The other writers 
haTB attempted the realisation of a certain ideal in the kind 
of pace which served them as a type. For Kaabe, it was tlie 
maximum of stnbilily, which, according to his theory, is 
obtained nhen the weight of the body rests longer on the two 
diagonal feet than on the two lateral feet; whence arises the 
choice of the type represented by the notation No. 6. Lecoq, 
thinking, on the contrary, that the most rapid pace is the best, 
chosen as his type the pace in which the body rests longer ou 
le two lateral feet than on the diagonal ones (notation No. 4). 
"Whatever may be the value of tliese considerations, of 
which practical men alone can judge, it seems to us that the 
physiologist muat first of all endeavour to search for facts, and 
must take simply such types as experiment may reveal to him. 
It is for this purpose that the investigations have been made with 
•Catering apparatus, the result of which will now be given. 



Tot the experiinenlal sho» employed in the experiments made 
on man has been substituted, on the horse, a ball of india- 

I rubber filled with horsehair, and attached to the horse's hoof 
JlQr a contrivance which adapts it to tlie shoe. 



J BrokoD unble, ucurdlDK tn UDrchs, 
' ( Hlffb atop, aocorcUUff Uf Boulaj. 

/ Ordluaij atap o( > poc.nM *orw, nouording to Maiiure. 
. J BtdIcqd ammo. Hoordfug to Bualoy. 
i Tr^ueoodD, accurdEntf to LucDq. 
NdtujuI walking paco, ucordlii^ to Leooq. 
. Normal wnlking pue (Boulcy, Viucont and QoISdd, S»Uey>el, CoUa). 
. Nonool rnOking p«e. aooording to Baibg, 

Irregular trot (trot dtioniBU}. 
. Ordinary trot (In tlie dgate. It ia Buppomd thnt tho imfnua Imli wli 
loariDS the ground. irUoh ocoun but larolr- Ibu nalulluti unlj talius ii 
loimt lEe rbyihm of tho lripJiot« oT tbo fent.) 

HormMi pace, from Lecuq. 
0. TraquenadQ, from Morotia. 



By fiiminff an adjuating aorew we fix it to thi^ horse-slioe I 
by three catches, which * 
kepp the instrument 
purely fttBtened. A strong 
baud of india-rtibhfir passes i 
over theRpi)arutuB(lig. 42), 
ami keeps in its place the ' 
ball filled with horse-hair, , 
so as to allow it to rise j 
elightly above the lower' J 
surface of the hoof. When ' 
the foot strikos the ground, 
the india-rubber ball is 
compressed, and drives a 
part of the confined air 
into the registering instru- 
ments When the foot is 
raised, the ball recovers its 
form, and draws again into 
Us interior the air whioll 
Fin. 42.— EiirartinuHUi iiiFi.initnii lo «hni. the pressure had expelled. 
grniind""'" "' *'^° '""'^'' ^°"' "" "'° TJiese instruments soon 
wear out on the road, but 
will last during some time on the artificial soil of the riding- 
school. 

For experiments which we have made on ordinary roads, 
we have had recourse to an instrument represented in fig. 43. . 
To tiie leg of the horse just above the fetlock-joint is I 
attached a kind of leather bracelet fastened by straps- In front 
of this bracelet, which furnishes a solid point of resistance, 
are placed various pieces of apparatus. There is, first, a flat 
box of india-rubber firmly fixed in front of the bracelet ; this 
box communicates, by a transmission tube, with the registering 
apparatus. Every pressure exert«d on the box movt 
corresponding registering lever. It is evident that all the i 
movements of the horse's foot are shown bj pressures on the d 
india-rubber box, and are immediately signalled by the regjft-9 
tering levers, 

For this purpose, a plate of copper, incliued about iS", i 
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connected at its upper extremity with a kind of hinge, whilsi 
its lower end ia fastened by a eolid wire to the upper face of 
the india-ruliber box, on 
which it presses by means 
of a flat disc. On a wire 
parallel to the slip of 
copper slides a ball of lead, 
the position of which can 
be Taried in order to in- 
crease or diminish the 
pressure which thia joiat«d 
apparatus eserta on the 
india-rubber box. 

The function of this 
apparatus is analogous with 
that of the instrument re- 
presented ; 



shot 



the 




actions which are produced 
in various kinds of looo- 
motioD ; only the inclina- 
tion of the oscillating por- 
tions allows them to act on 
the membrane dtirjng the 
movement of the elevatioD, 
the descent, and the hori- 
zontal progress of the foot. 

When the hoof meets 
the grouud the ball has a 
tendency to continue its 
motion, and compresses j-,,, ,„ _ 
with force the india-rubber «*" p''^ 
box. When the foot rises, 

the inertia of the "ball produces in its turn a compression 
by a kind of mechanism already described with reference to 
fig. 28. 

Through the kindness of Mons. Pellier, we have lieen able 
to experiment on several horses, ridden by himself, while 



gin the irigiuli > 



hand the 




registering inatnimeiits. 
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Indianibber ^^M 
transmittinir ^B 



When the horse had his feet furnlBhed with the india-r 
boxea which h&ve jiut been described, thick transmitting 
tubes not easily crushed were fitted to these receptacles. 
These tubed are uauolly ftisteued by fiaouel liauds to the legs 
of the animal, and thence directed to a point of attfichment 
at the level of the withers ; they are then coiitiuued to the 
registeriag apparatus, which baa been already described 
in the experimeuta on biped locomotioD. The registrar now 




carries a great number of levers ; he must have four at- 1 
least — one for each of the legs, and usually two other lever* 1 
wliieh receive their movements of re-action from the withers T 
and the croup. Similar kinds of apparatus to those reprS' | 
aented in fig. 28 are employed for this purpose. 

The rider carries by the liandle a portable registering in-' 
fitrament, to which all the levers give their siguaJs at onus ;'■ 
fhe baud which holds tlie reins is also reaily to compress Brm 
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ball of india-rubber at the itioinent when the horseman wishes 
the tracings to commence. Fig. 44 repi'pseiita the geneml 
arraDgenient of the apparatus at the moment when tiie rider 
is about to collect the graphic signals of any particular pace. 



m CHAPTER V. 

EXPERIMENTS ON THE PACES OF THE HORSE. 

Doulili! aim of these experiments : deter mi nation of the moTeroents under 
the physiologies! point of view, and of the attitudes with rerercnce 

Experiments on the trot — Triiein^ of the pi'eaaurei) of the feet and oC the 
re-aetions-Notntion of tho lrot-Pi"ste of the trot -Representation 
of the trotting horse. 

Experiments on the walking pace — Notation of thia kind of motion ; its 
varieties — PisU of the walkio); ptcs — Representalioa of a pacing 

The aim of these experiments ia twofold; as far as 
pbj'Hiology is concerned, we derive from them the espression 
of the duration, actions, and ra-actions of each pace, the 
energy and duration of each movement, and the rhythm of 
their succession. But the artiat is no less interested in 
knowing exactly the attitude which corresponds with each 
movement, in order to represent it faithfully with the various 
posca which characterise it. All these details are furnished 
by the registering apparatus j tlie artist need fear no error if 
he conform his sketches to the indications furnished by the 
tracings made by the instrument. 

The remarkable work of Vincent and Goiil'on was espreasly 
intended to establish prinfiples relative to tho faithful repre- 
sentation of the horse. We shall borrow some things from 
this book, which seems to have been too much forgotten, and 
not to have exercised upon art the influence that might have 
been expected. This is doubtless owing, in some degree, to a 
certain obscurity in tlie mode of explanation, and slill more 
to the fact that the writers, having had recourse only to direct 
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otMervatioii in order to aniilyse the paces of the horse, hare 
not been able to give all the details. We trust that we shal] , 
be more fortunate in our treatment of the subject ; but we are 
assured, at least, of the perfect exactitude of the data fur- 
nished by the apparatus wbicjh we have used. 

Colonel Duhouaset has been kind enough to offer us his^ 
assistance in represeatiug the horse in its vari 
to his skilful pencil that we owe the figures represented in this 
chapter, which are the faithful translation of the notation , 
which accompanies them, We are also indebted to Mone. i 
DuhouBset for some documeuta relating to tbo representatioa ' 
of the paces. 

The knowledge of the piste-t — that is to say, the impressions 
which the feet of the horse leave on the ground — is of great 
importance ; they enable on experienced eye to recognise the 
pace of tliB animal wliich has marked them. 

These pistsi are of extreme value to the artist; they 
alone can represent to him the limbs as they strike the ground, 
with the true distances which they ought to preserve from 
each other according to the size of the horse and the speed of 
the pace. We refer the reader to the works of Vincent and 
Goitfon, of Boron Curnieu, of Colin, 4e., on this subject, con- 
tenting ourselves with giving merely, from tliese writers, th« 
pate which characterises each pace. 

The first series of experiments, the results of which we are 
about to analyse, were made in the riding school of Mons. 
Pellier, JiU. The horses were furnished, on each foot, with 
an iostrumeDt for determiniiLg pressures, similar to that which ] 
is represented in fig. 42. We shall first discuss the experi* 
nients on the trot ; the tracings which they give are easy to i 
be understood ; the study of these will serve as a preparation 1 
for the more complicated analysis of the other p 



Experiments 07i the trot — An old and very quiet horse fu^fl 
nished the tracing represented in fig. 46. In this plate s 
shown at the same time the tracings of the pressures of the^ 
four feet with their notations, and on the other side, the re- J 
actions produced on the horse by this kiud of pace. 
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ON THE TKOT. 



Let us analyse the details of these ourres. Above are the 
TC-aotiom taken from the withers for the fore part of the 
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animal, wliioU are given by the line R A (anterior re-aAtions), 
and from the croup for the hinder part, which correepond' 
with the line R P (poHterior re-actiona). 

Below are given the curvea of pressure of the four feet; 
they are drawn at two different levels ; above are the curros 
of the anterior, below those of the posterior limbs. In each 
of these series the currea of the left foot are drawn with 
dotted lines, those of the right with full lines. Wlietlier 
dotted or fiitl, these linee have been made thicker for the 
foro-limbs than for the hintler ones; this difference, though 
of little use in curves as simple as those of the trot, will 
serve to render the more complicated tracings much more 
inlelligihle. 

The moment when the curve begins its rise, represents the 
oommencement of the pressure of the foot on the ground. 
The instant when the curve descends again gives the signal 
of the rise of the foot.* It is seen from these traL-iuge 
that the ieet A G and P D, left fore-foot and right hind-foot, 
strike the ground at the same time. Tiio aimultaaeous lower- 
ing of the curves of the tvro feet ahows that they also rise from 
the ground simultaneously. Under these curves is the nota- 
tion which representa the preaaure of the left diagonal biped. f 

The second impact is given by the feet A D and P O (right 
diagonal biped), and so on through all the length of the 
tracing. 

This experiment confirme the correctness of the standard 
theory of the trot, and at the same time affords additional 
information on some points. Thua, all writera agree in 
choosing, as the type of the free trot, the pace in which all the 
four feet give but two slrokea, and in which the ground is 
struck in turn by the two diagonal bipeds. It is admitted 

• T)io durnlion of tho preeflUFa ousht to 1» mnrltfd by a horiiontal line, 
but we liave mnds tho tiilio Boniewliut narrow in ordtr tn Isaaen the force 
of tlie aliocks given to the regiataring lavBr; the nnrrowiiiR of tha tubs 
hiis slightly nffooted tha curve, which, however, produoea no iiiconvsnienoe 
in aturlying tJie rhythms. 

+ Rjifh dio-Konal hipcd is nnmeJ after the anterior foot of which it fonna 
a pnrt ; the luft diutfuiml t>i]>ad means, thi^n-ruri', luft fore foot, right hind 
fooL 
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^Ibo that the trot i 



L high ■ 



t](l that, in the intervul 



i: 



strokes, t 
raised ahove the ground. 

But we find disagreement wh«ii we come to estimate the 
(luratioa of this suspetiaion, Thus, according to Bouley, it is 
very short in proportion to the duratioa of the pressure ; 
whilst Raabe thinks, on the contrary, that the pressure is 
very short, so that the animal is & longer time in the air than 
on the ground. 

In the notation of the tracing- (fig. 45), it is seen that the 
pressures are twice as long as the periods duiing which the 
body is suKpended above the ground. This experiment, there- 
fore, would confirm the opinion of Bouley in opposition to 
that of Roabe; but it appears to us that there is a great 
variety in the relative duration of the pressures, and of the 
periods of suspension above th« ground during the trot. 
Thus, certain horses running in harness have furnished 
tracings in which the phase of suspensioo was scarcely 
visible ; so that tliis form of trot resembled the loie paces, 
only preserving that characteristic of the free type which 
arises from the perfect synchronism of the diagonal strokes of 
the feet. We have not yet been aMe to study the movements 
of rapid trotters ; in these perhaps we should see, in an 
inverse ratio, the time of suspension increase over that of the 
duration of pressures. 

If we seek to ascertain the correspondence between the 
re-actions (R A and R P) and the movements of the limbs, we 
see that the moment when the body of the animal is at the 
lowest part of its vertical oscillatiou coincides precisely with 
that at which its feet touch the ground. The time of suapea- 
siou does not depend on the fact 1;hat the body of the horse is 
projected into the air, but that all four legs are bent during 
this short period. 1'he maximum height of the suspension of 
the body corresponds, on the contrary, with the end of tlie 
pressure of the limbs on the ground. It seems, according to 
the tracings, that the elevation of the body does not com- 
mence till after each double impact, and that it continues 
during the whole time of the pressure. 

also seen, in the same figure, that the re-aotious of tlie 



•JLM 



158 



ANIMAL MECHANII^H. 



make our observationa at the start of the animal, or at t 
moment when he paseee from the walking pace to the t 
The diagonal impacts sufueed each other without interval, i 
is Been in the notation pluc-ed below the figure. The a 
ha» Ijeen depicted from the notation. 

The instant -which the artist has chosen is that which is 
marked in the notation by a white dot. At this moment, as 
the superposition indioates, the left fore-foot is at the end of 
its presaure ; the right fore-foot is about to reach the ground ; 
the right hind-foot ia hnishin},^ its pressure ; the left hind-foot 
is about to fall. The inclination of the liraba ia that which 
corresponds with each of the phases of tlie pressures and the 
rise of the feet. The distance separating the feet is that ■ 
which is indicated hy the prints on the ground. Thus, f 
fig. 48, it is seen that the trot is thurteaed, for the hind-foot;. J 
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on the point of striking the ground, will not reach the place 
of the forefoot on the same side. 

The elevated and lengihmied trot ia represenfed in fig. 49, 
which has already served to show the rider and his horse 
fumishfcd with the inatruuiente for tlib purpose of forming 
tracings of the various paces. The animal is depicted at the 
instant which, in the notation, is represented by a dot ; that 
is to Bay, during the time of suspension, at the moment when 
the left diagonal biped has just risen and the right diagonal 
biped is about to descend. 

OF THE WALKItfO PACE. 

Experiments on the iralkimj pace. — -The explanations into 
wUieh we have entered ia order to analyao the tracings of a 
trot, will facilitata the interpretation of that of the walking 
pace, represented in fig. 50. These tracinga have been obtained 
from the same horse an the preceding ones. 

If we let fall a perpendicular irom the points at which the 
curves commence, we shall have the position of the a 
impacts of the four legs. On account of the thickness o 
style employed to trace these curves, the fo( 
with each of them is easily recognised, therefore we can 
mark ou each of these perpendicular lines the initial letters 
of the foot which at this momeat reaehea the ground. The 
order of succession of impacts is represented by the letters 
A D, P G, A G, P D ; that is to say, rigltt /ore-Joot, left kind- 
f'lut, left fore-foot, right hind-foot, which is tlie succession 
admitted by writers on tlio subjeot. 

There remains to be determined the greater or less regu- 
larity in the succession of these impacts, and the relative 
extent of the intervals which separate them. For this purpose 
it is sufficient to construct the notation of the rhythm of the 
pressure of each foot according to the registered curves. 
This notation for fig. SO shows tliat the interval which sepa- 
rates the impacts is always the same, and, consequently, that 
the horse rests during the same time on the lateral aa on the 
diagonal bipeds. But this is not always the case. 

That we may render the successive positions of the centre 
of gravity easily understood, we will explain in few words the 
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manner in which the notation of fig. 50 has been coDBtruol«4#l 
If we let fall perpendiculars correBiionding with each of tlw4 
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footfalls, begiDning with that o£ the right fore-foot, which is ^^H 
marked No. 1, we ahaJl divide the figurea into successive por- ^^B 
tious, in which will be fouad the impacts, Bometimea of two ^^M 
legs on the same side (lateral biped), at others, of two placed ^^M 
diagonally (diagonal biped). Thus, from 1 to 2, the horse ^H 
will rest on the right lateral biped ; from 2 to 3, on the right 
diagonal biped (that is ia say, on that in which the rij/it foot 
eome3 first) ; from 3 to 4, on the left lateral biped ; from 4 
to 5, OD the left diagonal biped ; again, from 5 to 6, the horse 
F would find himself, as at the beginning, on the right lateral 
I biped. 

I This experiment has refereuce entirely to the standard 
I theory of the pace {see No. 5 of the synoptical table), but 
|- some horses walk in a manner somewhat different, 
1 Fig. 51 is the notation of the walking pace of a horse 
\ which tested longer on the lateral than on the diagonal 
pressures. 

Sometimes the contrary is observed ; in the transitions 
from the walk to the trot, for instance, we have found the 
duration of the diagonal pressures predominate. 

This study, in order to be complete, ought ti> have been 
carried on under more favourable conditions than those which 
we have hitherto been able to meet with. It would' be 
desirable to obtain many horses belonging to different breeds ; 
to study their movements when led by the hand, mounted, or 
harnessed ; to vary the load which they carry or draw ; to 
experiment on level or sloping ground, &c. All this can only 
be effected by men especially interested in these inquiries, and 
placed in favourable circumstances to undertake them. 

While making observationa on draught horses, it has 
seemed to us that when the animal strives to re-act against 
the weight of the carriage pressing upon him, he may have 

'/ three jtet on. the ground at once. This Borelli considered 

^^^^ to be the normal walking pace ; we have juat seen, on the ^H 
^^^B contrary, that in the natural walking pace there are never ^^M 
^^^P more than two feet on the ground at a time. ^^M 

^^^ As to the re-actions during the walking pace, they are not ^^M 
represented in fig. 50. We have ascertained generaUy that ^^| 
the re-actions of the fore-limbs are the only ones of any im- ^^| 

^ I 
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portance ; we are led to Kupjwiee, by the extremely slight re» 
actions of the hinder parts, that their action tiODBists chieflf . 
in a forward propulsion, but with very slight impulsion of 
the body in an upward direction. Thia agreea with the theory 
somewhat generally admitted, by which the fote-legs wouli ■ 
have little to do in the normal pace except to Bup[)ort altn* 
nately the fore parL of the body, while to the hind limht 
would belong the propulsive action and the tractive ibroe 
developed by the aniniu!, 

The pUte of the walking pace, according to Vincent and 
Goiffon, is analogous with that of the trot, except that it pre- 
sents a shorter interval between the successive footprints on 
the same side. 

Kio. 5J. — llnli! ,.l tLu walkiua iBfu, ii(tor Vln,^unt lUiJ UuiOtm. 

In the ordinary walk, this distance would be equal to &a 
height of the horse, measured at the withers. As in the trot, 
the prints are covered at each pace ; those of the right foot 
alternate perfectly with those of the left. This character of 
the pimp of the walking pace is, however, observed only under 

ul the wolklQg rmjB, gnly hy thu noii-siiperpoBltliPH of the fUDlcrlnU an 
the ssmE lids. Tba bind font ia plscad on tbs ground beyond ths im- 
preBAkuQ of tbe fore foot. 

Certain conditions of speed, and on level ground. On rising 
ground the prints of the hind-feet are usually behind those of 
the fore- feet ; in a descent, on the contrary, tliey may poaeiUy 
pass beyond them, which would give the jiUte of the wall^ 
some resemblance to that of the amble. i 
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BepreKntation of » pacing horse. The representation of a 
horse at the walking pace has been given by Mohb. Duhousset 
in tig. 54. The instant chosen is marked in the uotatiou by 
a dot. We shall not give an enumeration of the positions of 
the limbs of the animal as shown in the notation, as we have 
already done so in the representation of the trot. 
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CHAPTER VT. 

EXPERIMENTS ON THE PACES OF THE H0B3S. ' 

ICoatmued.) 

Experimants on the gallop— Kotitiun of Ihs gallop— Re-arti 

support— Piatos of tlie gnllnp— BopT^EentBlion oT k galloping fa< 

the votioua times of this pace. 
Traiiaitioni, or jiaaaage, from one step tii tbe other— Anal y a ie of tlie p>c«»l 

by meana of the Dotntion rule— Synthetic reproduttion of tlia V 

different paces of the horae. 

or THE OALI-OP- 

Setehal different panes, the common ohHraoter of which ia 
that irregular impacts return at regular intsrrals, are compre- 
hended under this name. Most of the writers dietinguisli 
three kinds of gallop by the rhythm of the impactB, and 
name Ihem, a<vnrding to this rhythm, gallop in tieo, thrta, 
and /our tii'M. The most ordinary kind ia the gallop in three- J 
time ; this we shall study in the first place. 

Experimmti on the galUip. Fig, 55 has been obtained &om 1 
a horse which galloped in tliree-time. At first sight, the I 
notation of this pace reminds us of that which we have f 
represented when speaking of human gallop (fig. 36, p. 184), 
a pace used by children when "playing at horsea," It 
appears that the notation of the horse's gallop has been 
obtained by placing one over another two of these notations 
of the biped gallop ; so that, in fact, the comparison used by 
Dug^B is perfectly just, even nhen it is applied to the gallop, 

AnalyiU of the tracing. At the commencement of the figure, 
the animal is suspended aboTe the ground ; then comes the ] 
impact P G, which aonounces that the left hind-foot touohea I 
the ground. This ia the foot diagonally opposed to that which 1 
the horse places forward in the gallop, and whose impact AD I 
will be produced the last. Between these two impacts, and j 
distinctly in the middle of the interval which separates them, 
comes the siiiiultaneoue impact of the two feet forming thg i 
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left diagonal biped. The euperpoeition of the notations A O, 
P D, clearly shows this synchronlBm. 
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In this eeriee of movements thd ear has, therefore, dis 
tinguiBhed tliree Kuu„da, at nearly miual iut^rvula. The flra 
sound ia produced by a hioder foot, the second by a diiigona 
biped, the third by a fore-foot. Between the single impact o: 
the fore-foot, which conatitutea the third eoimd, and the first 
beat of the [>ace whith follows, reigns a silence whose dura- 
tion ia exactly equal to that of the three impacts taken 
tc^ether ; then the series of movemeute recommences. 

By the insiiection of tlie curves, we see that the pressure 
of the feet on the ground muat be more energetic in the 

height of the curves is evidently greater than for the trot, 
and especially so us compared with the walk, lu fact, the 
animal must not only aupjwrt the weight of its body, but give 
it violent forward impulses. The greatest energy seems to 
belong to the first impact. At this moment, the body, raisec 
for an instant from the ground, falls again, and one log 
alone sustaiua this shock. 

If we wiah to take account of the successive presmrei which 
sustain the body during each of the steps in the gallop, we 
have only to divide the duration of thia pace into successive 
inatonts in which the body is sometimea supported on one or 

56) allows us to follow in (A) the auosssion of impacts, and 

pressures on the ground. 

If we wish to ascertain what are the re-actiona produced at 
the withers, we aee them represented in fig. 55 (upper line R). 
We find au undulatory elevation, which laata all tlie time 
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■ that tbe animal touches the ground; in this elevation art 
ErecogniBed the etfecta of the ihree impacts, which give it t 

■ 'triple undulation. The minimum elevation of the curve cor 
I reeponds, as in the trot, with the moment when the feet do 
f not touch the g;round. Therefoie, it is uot a projection of the 

body into the air wbiuh conBtitutea the time of auapension 

the gallop. Lastly, by comparing the reactions of the gallop 

with those of the trot (fig. 45), we see that in the gallop the 

I rise and fall of the body are effected in a less sudden manner. 

LThese re-actiona are, therefore, less jarring to the rider. 

Jithough they may, in fact, present a greater amplitude. 

PisU of the gallop in three-time. — According to Curnieu, this 
piste is the following :— 



llUZSll 



r The piste of the gallop varies according to the speed. In 
the short gallop of the riding school, the hind-feet leave their 
prints behind those of the fore-feet ; in the rapid gallop, on 
the contrary, they come in front of the prints of the fore-feet. 
A horse which, in the pace of the riding school, gallops 
almost entirely within his own length, will, when started at 
fiiU gallop, cover an enormous space. According to Cumieu, 
the famous Eclipse covered 22 English feet. The following 
is the jiiete which this very rapid pate leaves ou the gr<iutid : — 



^^Hve 



1 of Sstipae's gallop, ft 



Bepresmtation of a korte gaUoping. — For this representation 
[Ve will give three attitudes, difieriug much from each other, 




In tlie firet time, fig. 5fj, the left tiud-foot, on which the 
horse haa just descended, alone rests on the ground. 

In the second time, fig. BO, the left diagonal biped has just 
fioiahed ite impact, the right fore-foot is about to reach the 
ground, the left hind-foot has just risen. 

The third time of the gallop, fig. (il, has been drawn as 
well as the others by Moeh. DuhouBset according to the nota>- 
tian ; the moment chosen m that in n hich the right foot 
alone rests on the ground, and is alwiut to rise in its turn. 
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Tlie figupB wLidh reprenente it ia ritther strange ; the eye is 
but little accustomed to see tliie time of the giJlop, whidi is 
doubtless very rare. Wheu cou aider in g this migraeeful figure, 
we are tempted to aay with De Curuieu, "the province of 
paiuting ia what oue eeee, and not what really exists." 

The gallop iu four-time diffete from that whiuli has jiist 

■en described only in this point, that the impacts of the 

'diagonal biped, which ronstitute the second time, are disiinitdd 

and give disfinct Bounda ; we see an example of this in fig. 62. 




dI Uia Diim1>i)r u( loot whloh 



I According to this notation, the body, at first aiiapeaded, is 
Kiborne succeBsively on one foot, nn three, on two, on three, and 
(on one, after which a new Buspension recommences. 

0/ the full gitUoi). — This very rapid pace could not be 
Latudied by means of the apparatus wiiich we have employed 
I hitherto. It was necessary to construct a special registering 
I instrument, and new experimental apparatus. 

To leave the two hands of the rider free, the registering 

I instrument was enclosed in a flat box, attached to the back c^ 

the horseman by straps like the knapsack of tlie soldier. Wa 

shall not attempt the detailed description of this instrument, 

-which carried five levers, tracing on smoked gloss the curves 

of the action of the four legs, and the reaction of the withers. 

The violence of the impacts on the ground is such that they 

h Tould instantly have broken the apparatus before employed. 

I We have substituted for this a copper tube, in which moves a 

I leaden piston, suspended between two spiral springs. The 

shocks given to this piston at eacli footfall, produce an effect 

like that of an air-pump acting ou the registers. A ball of 

india-rubber, which can be pre&sed between the teeth, sets the 
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■ Teg-ister going, anil allows the trat^iug to be taken at a auitabis 

Tlirough the kindness of Moqb. H. DKilaniarrf), who placed 
at our dispoeol Uis stables at ChantiUj, we have been able to 
procure tracings of the full gallop, of which the following is 
the notation : — 




P 



k 



It is seen that this pace is, in reality, a gallop in four-time. 
The impacta of the hinder limbs, however, follow each, other 
at Bucli short intervals, that the ear can only distinguish one 
of them ; but those of the fore-legs are noticeably more dis- 
sociated, and can be heard sepajately. Another character of 
the full gallop ia, that the longest period of silence takes 
place during the pressure of the hinder limbs. The time of 
eusjwnsion appears to be extrenoely short. 

To get the best possible results from these experiments, it 
■would be necessary to repeat them on a great number of 
horses, and to ascertain whether there may not be some rela- 
tion between the rhythm of the impacts and the other 
characters of the pace. We must leave this task to those 
who especially addict themselves to the study of the horse. 

Lastly, let us add, that the remtiuits, in full gallop, repro- 
duce with great exactness the rhythm of the impacts. Thus, 
it is observed, that at the monkeut of the almost synchronous 
impacta of the two hinder litiibs, there la a sharp and pro- 
longed re-action, after which two less sudden re-actions take 
place, each of which corresponds with the impact of 
the fore -legs. 

The line placed above fig. 63 is the tracing of the re-actions 
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of the withers. Tliis curve, hping plaoeil abova the notation, 
enables us, by the superposition uf ita various eleiaeots, to 
notice vith which impact of the limba each re-actiou oor- 
lesponds. 



or THE TRANi 



; DIFFERBST xiKDa 



An observer finds great difficulty in ascertaining how one 
kind of pace pEtsses into another. The graphic method fur- 
nishes a very easy means of following these transitions ; this 
will perhaps be not one of the least advantages of the employ' 
ment of this metliod of studying the paces of the horse. 

In order thoroughly to understand what takes place in these 
transitions, we must refer again to the comparison made by 
Dugds, and represent to ourselves two persona walking, and 
following each other's footsteps, both in the trot and the 
gallop. In these continued paces, these two persons present 
a constant rhythm in the relation of their movements ; while, 
in the transitions, the foremost or hindcrmost person, as the 
case may be, quickens or moderates his movements so as to 
change the rhythm of the footfaUs, Some examples will 
render tliis more evident. 

The principal transitions are represented in page 1 74. 

Fig. 64 is the notation of the tTanaitian fiam the vialkmg 
paee to the trot. The dominant character of this change, inde- 
pendently of tlie increase of rapidity, consists in the hinder 
impacts gaining upon those of the fore-limbs; so that the 
impact of the left hind-foot, P G, for instance, which, during 
the walking puce, took place exactly in the middle of the 
duration of the pressure of the right fore-foot, A D, gradually 
advances till it coincides with the commoucement of the 
pressure A D, and with the impact also, at which time the 
trot is established. 

Fig. 65 indicates, on the contrary, the tramition Jrom (Ad 
trot to the walk. We see here, in an inverse manner, the 
diagonal impacts, synchronous at first, become more and more 
separated. A dotted line, which unites the left diagonal 
impacts, is vertical at the communoemeut of the figure in the 
part which corresponds with the pace of the trot ; by degrees 
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this line hecomoH oblique, showing that the synchronisni is 
disappearing. Ttie direction of the obliquity of this line 
proves that the hinder limbs grow slower in their movements 
in passing from the trot to the walk. 

In the patsage fium the trot to the gallop the transition is 
very curious ; it is represented by tlie notation, fig. 66. We 
see, &om the very commencement of the figure, tliat the trot 
is somewhat irregular ; the dotted line which unites the left 
diagonal impacts A G, P D, is at first rather obbque, and in- 
dicates a slight retardation of the hind-foot. This obliquity 
constantly increases, but only tor the left diagonal biped ; the 
right diagonal biped A X), P G, remains united, even alter 
the gallop is established. The transition from the trot to the 
gallop is made, not only by the retardation of the hind-foot, 
but by the advance of the fore-foot, so that two of the diagonal 
impacts, which were synchronous in the trot, leave the greater 
interval between them ; that which in the ordinary gallop con- 
etitutea the great silence. An opposite change produces the 
trantition Jrom the gallop to the trot, as is seen in fig, 67. The 
transition from the gallop in four-time to that in three-time ia 
made by an increasing anticipation of the impacts of the 
hinder limbs, 

^ SYNTHETIC STDDT OP THE PACES OF THE HOKSE. 

The analytical method to which we have hitherto had 
recourse in describing the paces of the horse may have left 
many things obscure in this delicate question. We hope to 
clear them up by recurring to the ejTithetic method. 

When tracing, at the commencement of this study, the 
synoptical table of the different paces, we classed their nota- 
tions in a natural series, the first term of which is the amble, 
and in which the difference between one step and the next 
consists in an anticipation of tjie action of the hinder limbs, 
This transition is juat what is observed in animals. A drome- 
dary, for instance, whose normal pace is the broken amble,* 

* Through the kindness of Mona. Q-eafiraj 9t. Hilniro. director of the 
" Jariiin d'Aoolimatation." we have boeii permitted to study the paces of 
different iiuadrupeda, auil 8S|iouittUy those of tho large droiutdarj which 
that garden poBsesaea. 
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has given us the whole seviea of notations, which, in our 
synoptical tahle, separate No. 2 irom No. 8. When ur^ng 
on the animal and forcing him to trot, he first broke hia amble 
in an exaggerated manner, then he began to walk, and after- 
wards commenced an irregular trot, which soon became a&ee 
trot. We have just seen that the ^aeea of the horee are formed 
in the same order when the animal passes from the walk to 
the trot. 

When a horae begins to move more slowly, the change of 
pace is effected in an inverse manoer ; the paces succeed each 
other by running up the series represented in the plate. 

The greater or less anticipation of the actioa of the hinder 
limbs is represented in the plate liy a sliding backward of the 
notation towards the left of the fi.gure. This fictitious sliding 
may become real by using a little instrument, which eoablea 
us to understand and explain very simply the formation of the 
different paces. It consists of a little rule, somewhat analo- 
gous to the sliding rule used in calculation, and which carries 
the notations of the four limbs on four little slips, which can 
glide side by side, and be arranjjjed in various positiaiis. 




Figs. 68 and ()9 show the arrangement of this little instru- 
ment. Let us imagine a rule made of black wood, having 
four narrow grooves, in which slip sliding portions, alternately 
black and white, or grey and black, in order to represent the 
notation of the amble, as in No. 1 of the plate. If we push 
towards the left the two lowest slides simultaneously (fig. 68), 
we shall fonn, according to the nmoiint of ilisplacemeut, one 



^^H or other ot the notations in the table of re^lar paces J^^| 
^^H scale marked 1 2 3 4 &c up to which we can hnag ti^^| 

^^^1 without beBitation any notatioii »hutever ^^^1 

^^H the shdes corresponding with thp fore lep< bo as to rnalo^^H 
^^M them encroach uu each ^thur ae is slcu in nutatim hg 69 ^^M 


^^M The notation rule is thus need. Wlien we are sure tlU^^| 
^^H the pace ie regular, it is aufGi/ieut, for inataiice, to examis^^^l 
^^H the impacts of the two right feet, in order to construot t3l^^^| 
^^H whole notation, According as the hinder impact is syuchM^^H 
^^M nous with that in front, or precedes it by a quarter, ha^^H 
^^M three-quarters, or the whole of the duration of a pressure, ^q^^| 
^^H place the two lower slides la the position which they oughttq^^H 
^^H occupy, and the notation is thus simply constructed ; it 8)iow£^^| 
^^B the rhythms of the Impacts, the duration of the lateral ao^^^J 
^^^1 diagonal pressures, £c. The construction of the varioO^^H 
^^^1 paces of the gallop is effected in the same manner. j^^H 
^^H The artist who wishes to represent a horse at any uuta^^H 
^^H of a particular pace, can thus easily determine the correspod^^H 
^^H ing attitude. He forms ou his rule the notation of the pB^^^H 
^^M of the horse which is lo be represented. Then, on the l^ng^^^f 
^^H which corresponds with the extent of a single pace in th^^^f 
^^H notation, he erects a perpendicular line at any point. '^^'^j^^H 
^^^1 line corresponds with a certain instant of the pooe. Thus, t^^^l 
^^H he can trace, on tlie h^ngth uorrespoudiug with a single pO'O^^H 
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an indefinite number of perpendicular lines, it follows that the 
arliet may uhooee in the duration of any pace, in any kind of 
locomotion, an indefinite number of difFerant attitudes. Sup- 
pose him to have made hie choice, and that he wishes to 
represent in the kind of pace (fig, 68), the instant which is 
marked by the vertical Hue 7, the iiotatioB will show him that 
the right fore-foot has just been placed upon the ground, that 
the left fore-foot is therefore beginning to rise, that the right 
hind-foot is almost at the end of its ptesaure on the ground, 
and that the left hind-foot is near the end of its rise. All 
that ia necessary, in order to represent the animal exactly, is 
to know the attitude of each limb at the difllerent instants of 
its rise, fall, or pressure, which ia a comparatively easy matter. 
But the artist, guided by this method, will thus inevitably 
avoid altogether those false attitudes which often cause repre- 
sentations of horses to be so utterly unnatural. 



Mona. Mathias Duval has undertaken to make, in order to 
illustrate the locomotion of the horse, a series of pictures, 
which, seen by means of the zootrope, represent the animal 
as if in motion in the various kinds of paces. This ingenious 
physiologist formed the idea of reproducing in an animated 
form, as it were, that which notation has done for the rhythm 
of the movements. The following' is the arrangement which 
he employed. He first drew a series of figures of the horse 
taken at different instants of an ambling pace. Sixteen suc- 
cessive figures enabled him to represent the series of positions 
which each limb successively assunies in a pace belonging to 
this kind of locomotion. This baud of paper, when placed 
in the instrument, gives to the eye the appearance of an 
ambling horse in actual motion. 

We have said that all the walking paces maybe considered 
as derived from the amble, with a more or less anticipation of 
the action of the liind limbs. Mons. Duval has realised this 
in hia pictures in the following manner. Each plate, on 
which Las been drawn the series of pictures of the ambling 
horse, is formed of two sheets of paper placed the one on the 
other. The upper one has in it a number of slits or openings, 
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■o that each horse is drawn half on thiu Rheet, and the othi 
half on that which is placed beneath. The hind quarte 
for example, having been drawn on the upper aheet, the foq 
quarters are drawn on the under sheet, and are visible throa| ' 
the portion cut out of the upper sheet. Let us euppose i 
we cause the upper paper to slide as far as the laterval which 
separates two figures of the horse, we shall have a series of 
images in which the fore limbs will fall baok a certain dis- 
tance towards the hind limbs. We shall thus represent, 
under the form of pictures, what ia obtained under the form of 
notation, bj slipping the two lower slides of the notation rule 
one degree, And as this displacement to the distance of one 
degree for each of the movements of the hinder limbs gives 
the notation of the brjkeu amble, we shall obtain, in the 
fig'ures thus drawn, the series of the suooeasire positions of 
the paces of the broken amble. If the paper be made to slip 
a greater number of degrees, we shall have the series of atti- 
tudes of the horse at his walking pace. A stilt greater dis- 
plaoement will give the attitudes of the trot. 

In all these oases, these figures, when placed in the instru- 
ment, make the illusion complete, and show us a horse which 
ambles, walks, or trots, aa the case may be. Then, if we 
regulate the swiftness of the rotation given to the instrument, 
we render the movements which the animal seems to execute 
more or less rapid, which will permit the inexperienced 
observer to follow the series of positions of each kind of pace, 
and Boon enable him to distinguish with the eye a series of 
movements in the living animal which appear at first sight to 
be in absolute confusion. 

We hope that these plates, though still somewhat defective, 
will soon be suthciently perftot to be of real use to those who 
ore engaged in the artistic representation of the liorse. 

After these studies of terrestrial locomotion, we ought to 
explain the mechanism of aquatic locomotion. Some recent 
experiments of Mons. Ciotti have thrown great light on the 
propulsive action of the tuUs of fishes ; not that they have 
overtliroivn the theory held ever since the time of Borelli, 
concerning the mechanism of swimming, but they have ap- 
proached the question in auotlier manner, tliat of the synthetic 
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reproduction of this phenomeng^. This method will certainly 
permit us to determine, with a precision hitherto unknown, 
both the motive work and resistant work in aquatic 
locomotion. It will, therefore, be advisable to wait for the 
results of experiments which are now being made, and 
which will be of equal service both to mechanicians and to 
physiologists. 



BOOK THE THIRD. 

AERIAL LOCOMOTION, 



CHAPTER L 

OF THE PLIGHT 0? 



Frequency of the strokea of tbe wiDg oF inBecIa during fliglit ; 

deturminatioii ; grapbia determlostiDD— Influancea which modify tb« 
freqnsuc; of the luovemeiits of tlie ning— SjnohToniani of tlie action 
of the iwo wiDga— Optic &1 determiuation of the movemenU of tba 
wing; its tr^ectory ; cliangeH id tlie plans of the wing; direction 
of the muvemeDt of the wing. 

Is terrestrial loeomotion we have been able to measure by 
experimeot the pressure of the feet on the ground, and hence 
we have deduced the intensity of the re-actions on the body 
of the animal. These two forces were eaaily ascertained by 
direct measurement, lu the problem which is now to occupy 
UH, the conditions ere very different. The air gives a certain 
resistance to the wings which strike upon it, but it is a resis- 
tance every instant yielding, for it is only in proportion to the 
rapidity with which it is displaced, that the air resists the 
impulse of the wing. W}ien we study the phenomena of flight, 
it is therefore necessary to know the movement of the wing in 
all the phases of its speed, in order to estimate the resistance 
which the air presents to that organ. We will propound in 
the following order the gunstions whicli must be resolved. 

1. What ia the frequency of the movements of the wing of 
insects P 

2. What are the successive positions which thu wing occu- 
pies during its complete revolution P 




establi 
eicli 



S. How 18 the motrre force which suetains ttnd trane^'Orts 
body of the animftl dRveloped ? 

1. FTeguentyy of the movements of the ir.inij of iimects. — The 
frequency of the movements of the wing varies according- to 
species. The ear perceives an acute sound during the flight 
of mosquitos and certain fiies ; there is a graver sound during 
the flight of the bee and the drone fly ; still deeper in the 
macroglossai and the sphingidse. As to the other lepidoptera, 
they have, in general, a silent flight on accoiuit of the fevr 
strokes which tiiey give with their wings. 

Many naturalists have endeavoured to determine the fre- 
quency of the strokes of the wing by the- musical note pro- 
duced by the animal aa it flies. But in order that this deter- 
should be thoroughly reliable, it must be clearly 
.shed that the sound prodtieed by the wing depends 
the frequency of its movements, in the same 
sound of a tuning-fork results from the fre- 
quency of its vibrations. But opinions differ on this subject; 
certain writers have thought that during flight there is a 
movement of the air through the spiracles of insects, and that the 
sound which is heard depends on these alternate movenienta. 

Without giving our adherence to this opinion, which 
seems to be contradicted by maoy fects, we think that the 
acoustic method is insuflicieat to furnish an estimate of the 
frequency with which the wing moves. The reason which 
would induce us not to employ this method, is that the 
musical note produced by the flying insect is varied by other 
influeuoea besides the changes in the strokes of the wing. 

When we observe the buzzing' of an insect flying with a 
uniform rapidity, we perceive that the tone does uot continue 
constantly the same. As the insect approaches the ear, the 
tone rises; it sinks as it goes farther from us. Something of 
an analogous bind happens when we cause a vibrating 
tuning-fork to pass before the ear ; the uote at first becomes 
more shrill and then more grave, and the difference may 
attain to a quarter or even to half a tone. We must, there- 
fore, take care that the insect on which we experiment should 
be always at the same distance from the observer. This dis- 
turbing phenomenon, however, presents no real difficulty of 
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interpretntion 1 Pisko, the German vriter on aoousticts, bsa 

perfectly expluined it. There in no doubt that the vibrattitns 
always follow each other after the aume interval of time ; when 
a Tibrnting plate remaiaB at the same diBtance from the ear, 
the vibrationa require the sanie time to reach ue, and the 
phenomenon, uniform for the iuetrument, ig uniform also for 
our organ. On the contrary, if the inetrument be brought 
rapidly nearer, the Tibrittion wliich ia produced every instant 
lias less Bpace to traverse before it reaches the tympanum ; it 
thus opproximateB to that which preceded it, and the sound 
grows sliarper, If the instrument be removed to a greater 
distance the vibrations are more extended, and the tone be- 
comes more grave. Everyone has remarked, when travelling 
on a railroad. Ihut if a locomotive passes us while the driver 
ie sounding the whistle, the sharpness of the tone increases as 
the engine comes nearer, and becomes graver when it lias 
passed by us, aud the whistle is rapidly carried to a greater 
distance. 

From these considerations we must be convinced that it is 
very difiicult to estimate from the musical tone produced by 
a flying insect, the absolute frequency of the strokes of its 
wings. This dcjiends to some extent on the variation of the 
tone thus produced, which passes at each instant from grave to 
sharp, according to the rapidity and the direction of tiie flight. 
Besides this, it is not easy to assign to each wing the part 
which it plays in the production of the sound. We have also 
to take into consideration that the wing of an insect may, by 
brushing through the air as it flies, be subjected to sonorous 
vibratioua much more uiinierous than the complete revolutions 
which it accompli si les. 

The graphic method furnishes a simple and precise solution 
of the question ; it enables us to ascertain almost to a single 
beat the number of movements made per second by an insect's 
wiuK. 

EtrperimeiiC. — A sheet of paper blackened by the smoke 
of a wax-candle, ia stretched upon a cylinder, Tliis cylinder 
turns uniformly on itself at the rate of a turn in a seoond 
and a -half 

The insect, the frequency of the movement of whose wings 
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ia to be studied, is held by the lower part of the abdomen, in 
a delicate pair of forcepa ; it is placed in such a manner that 
one of its wings brushes against the blackened paper at every 
movement. Each of these contacts removes a portion i^ 
the black substance which covers the papei', and, as the 
cylinder revolves, new points continually present themselves 
to the wing of the insect. We thus obtain a perfectly regular 
figure, if the insect be held in a steadily fixed position. These 
figures, of which we give some examples, differ according as 
the contact of the wing with the paper has been more or 
less extended. If the contact be very slight, we obtain a 
series of points or short cross-liiies, as in fig. 70, 



Knowing that the cylinder revolves onoe in a second and 
a-half, it is easy to see how many revolutions of the wing 
are thus marked on the whole circumference of the cylinder. 
But it is still more convenient and accurate to make use of a 
chronographio tuning-fork, and to register, near the figure 
traced by the insect, the vibrations of the atjlo with which 
the tuning-fbrk is furnished. 

Fig. 70 shows, by the side of the tracing made by the 
wing of a drone-fly, that of ttke vibrations of a tuning-fbrk, 
which executes a double oscillation 250 times in a seoond. 
This instrument, ^tabling us to give a definite value to any 
portion of the tracing, shows that the wing of the drone per- 
formed &om 240 to 200 complete revolutions per second. 
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liifiaeneM vhieh modify the freqvaney of the m"vemtnU of the 
viimj. - Since we kiiovc the iufluence of reaiataHce to the rapidi^ 
of the movements of animals, we nia^ auppoae that the wiDg 
wiiich rubs on the ojliuder has not it« normal rate of motion, 
and that its revolutions e,m leas numerous in proportion as 
the friction ia greater. Eixperimeut has confirmed this opiulou. 
An insett performing the movements of flight by rubbing its 
wings rather strongly against the paper gave 240 movements 
per second ; by diminishing more and more tlie contacts of 
the wing with the cylinder, we obtained still greater numbers 
— 282, 305, and 321. This last number may perhaps ex- 
press with siif^cieut accuracy the rapidity of the wiug when 
moving freely, for the tracing was reduced to a series of 
scarcely -visible points. On the contrary, as the wing rubbed 
more strongly, the frequency of its movements was reduced 
below 240. 

Another modifying cause of the frequency of movement ia 
the wiug is the amplUude of these moveinenta. We must 
compare this cause with the precedicg, for it is natural to 
admit that great moTements meet with greater resistance in 
the air than smaller ones. 

When u e hold a fly or a drone by the forceps, we see that 
the animal executes sometimea strong movementa of flight; 
we then hear a grave sound ; but occasionally, when its wiug 
is only slightly agitated, we perceive only a very shrill tone. 
That wliich the ear reveals to us with regard to the difference 
in the frequency of the strokes which the insect gives with its 
wings, is entirely confirmed by the experiments which we 
have made graphically. 

Choosing the instimts when the insect is at its strongest 
flight, and idso when it gently flutters its wing, we find that 
the frequency varies within very extensive limits, nearly in 
the proportion of one to three — ^the leaat frequency belonging 
to the movements of greatest amplitude. 

The differtnt species o£ inaects on which we have experi- 
mented, presented also very great variations in the rapidity of 
the movements of their wings. We have endeavoured aa far 
as possible to compare the different species under similar con- 
ditions, during their swiftest flight, and with slight friction 
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nn the cylinaer. The following are the results obtained as 
the espresBiona of the number of movemenla of the wing per 
Hecond in each species : — 

Common fly 330 

IDroDB-fly 240 
Bee 190 
Wasp 110 
Humming-bird moth (Mac:roglciaan) . 72 
Dragon-fly 28 
Butterfly (PontLa Rapa;) ... 9 

SyiichronUm of Ike action of the tiro wings. — By holding the 
insect in a suitable position we can make both wings rub on 
the cylinder at the same time. It is thea seen, on the 
tracing, that the two wings act simuItaneouHly, and that both 
perform the same number of movenjenfs. Independently of 
this, we may easily convince ourselves ibat there must neces- 
sarily be a similar motion in both wings. 

If we move one of the winga of an insect recently killed, 
we shall find that a similar movement ia given, in a certain 
degree, to the other corresponding wing ; if we extend one 
wing laterally, the other is also extended, if we raise one up, 
the other rises. The wasp is well suited for this experim.ent. 
Still, in captive fliglit, certain insects can perform gi-eat 
movements with one of their winga, wbile the other only exe- 
cutes slight vibrations. The dung-fly, for instance, usually 
afiects this kind of alternate flight ; when it is held with the 
forceps, its two winge rarely move together. The sudden- 
ness and the unforeseen condition of ihese alternations, and 
the violent deviations wiiioh they give to the axis of the body, 
have prevented us irom taking the simultaneoua tracings of 
the movement of its two wings, and from ascertaining whether 
the synchronism continues under these conditions, in spite of 
the unequal amplitude of the movements. 

The preceding figures shois the regular periodicity of the 
movements of insect flight, but they also prove that the 
graphic method cannot represent the whole course of thawing, 
for this organ can only be tangential to a certain portion of 
the surface of the cylinder. Whatever may be the n 
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which the winp deBcribes, its point evidently moves on the 
Bur&ce of a ephere, the radius of wliiah is the length of the 
wing, and the centre at the point of attachment of this orgim 
with t)ie me^tdthorax. But a sphere can only touch a plane or 
convex Biirface at one point ; Ihue, we only obtain a number 
of points for a series of revolutions of the wing, if tbe turn- 
ing oyliuder be only tungential to the extremity of the wing. 
More compli<iated tracings ran only be obtained by more 
extensive contacts, in which the wing bends, and tiiue rubs 
a portion of its surfaces or its edges on the blnekened paper. 

We will explain the means by whicli the graphic method 
can serve to determine the movements of the wing, but let 
us first show the results obtained by another method. Id 
order to render the explanation more clear. 

2. Optical method nf tkt dettrmination nj tht tnovemeiitt of 
th» winii. — Having being convinced by the former experi- 
ments, of the regular periodicity of these movements, we have 
thought it possible to determine tlieir nature by the eya, la 
fact, if we can attach a brilliant spot to the extremity of ths 
wing, this spot passing continually through the same epaoo 
would leave a luminous trace which would produce a figure 
completely regular, and free from the defurmity incident to 
that effected by the friction on the cylinder. This optical 
method has already been employed for a similar purpose by 
Wheatetone, who placed brilliant metalUo balls on rods pro- 
ducing complex vibrations, and thus obtained luminous 
figures varying according to the different combinations of the 
vibrating movements. 

By fixing a small piece of gold-leaf at the extremity of the 
wing of a wasp, and throwing upon it a ray of the sun while 
the insect was esocuting the movemente of Bight, we have 
obtained a brilliant image of the successive positions of the 
wing, which gave nearly the appearance represented in 
fig. 71. 

This figure shows that the ppjnt of the wing describes a 
very elongated figure 8 ; sometimes, indeed, the wing seems 
to move entirety in one plane, and tlie instant afterwards the 
terminal loops which ibrm. the 8 are seen to open more and 
more. When the opening becomes very large, one of the 
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loops usually prednminates over tlie other ; it is geuerally the 
lower ODe which iucreftses while the upper diinioisheN. Indeed, 
by a still greater opening, the iig-ure is ocCHsionally trans- 
formed into an irregular ellipse, at the extremity of which we 
can recognise a vestige of the second loop. 




e thought that we had been the first to point out the form 

Fof the trajectory of the wing of the insect, but Dr. J. B. Petti- 

1 English author, informs us that he had already 

mentioned this figure of 8 appearance described by the wing, 

and had represented it in the plates of his work.* It will 

be seen presently that, notwithstanding this apparent agree- 

our theory and that of Dr. Pettigrew difler materially 

|from each other. 

Changes of the plane af the wing. — The luminous appearance 
1 during flight by the gilded wing of an insect, shows 

• On ihe Mechanical Appliances by which Flight is Maintttioed in the 
imal Kingiiom. Transact, of Linnean Sociely, 1867, p. 233. 
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beaidea, that during the nlteruate movemente of flifrht, ( 
plane of tbe wing changes its inclination wilh respect to t 
nxis of the inseot's body, and that the upp^r aurfuoe of the 
wing tume a little backward during the period of asoeut, 
wliilet it is inclined forward a little during its deecent, 

If we gild a large portion of the upper surface of a, wasp's 
wing, taking precautions that the gold-leaf should )ie limited 
to tliis surface ojily, we see that the animal, placed in the sun'e 
rays, gives the figure of 8 with a very unequal intensity in 
the two lialves of the image, as represented in fig, 71. The 
figure printed thus 8 gives an idea of the form ^yhicb is then 
produced, if we consider the thick stroke of this character as 
corresponding with the more brilliant portion of the iiniige, 
nod the thin stroke as representing the part which ia leas 
bright. 

it ie evident that the cause of the phenomenon is to be 
found in a change in the plane of the wing, and consequently 
in the ineidence of the eolar rays ; being favourable to their 
reflection during the period of ascent, and unfavourable during 
the descent. If we turn the aoinial round, so as to observe 
the luminous figure in the opposite direction, the 8 will then 
present the unequal splendour of its two holvts, but in the 
inverse direction ; it becomes bright in the portion before 
relatively obscure, and vine ven&. 

We shall find in the employment of the graphic method, 
new proois of changes in the plane of the wing during fiight. 
This phenomenon is of great importance, for in it we seem to 
find the proximate cause of tbe motive force which urges for- 
ward the body of the insect. -• 

In order to verify the preceding experiment*, and to assure 
ourselves still more of the reality of the displacement of the 
wing, which the optical method has revealed to us, we have 
introduced the extremity of a small pointer into the inferior of 
the figure 8 described by the wing, and we have proved that 
in the middle of these loops there really exist free spaces of 
the form of a funnel, into which the pointer penetrates with- 
out meeting the wing, whilst, if we try to pass the intersection 
where the lines cross each otlier, the wing imnietiiutely atrikee 
against the pointer, and the flight is interrupted. 



■ FLIGHT OF INSECTS. 189 

^ G-raphic inelkoJ employed for the determination of the move- 
lueiiti of the wing. — The preceding experimeutB throw great light 
on the traces wbiuh we obtain by the friction of the insect's 
wing against the bhitJiened cylinder. Although the figures 
thus produced ore for the most part incomplete, we are able, 
by means of their scattered elements, to reconstruct the figure 
which has been shown by the optical method. 

It is to be remarked that without sensibly interfering with 
the movements of the wing, we can obtain traces of seven or 
eight millimetres when the wing is rather long. The slight 
flexure to which the wing is subjected allows it to remain in 
contact with the cylinder to that extent ; we thus obtain a 
partial tracing of tte movement ; so that if we are careful to 
produce the contact of the wing with the cylinder in different 
parts of the course passed through by the limb, we obtain a 
series of partial tracings which are complementary to each 
other, and thus allow U8 to deduce from them the form of a. 
perfect curve of the revolution of a wing. Suppose, then, 
that in fig. 71, the curve described by the gilded wing is 
divided by horizontal lines into three zones : the upper one, 
formed by the upper loop ; that in the middle, comprehending 
the two branches of the 8. crossiog each otiier and forming a 
sort of X ; the lower one includjug the lower loop. 

By registering the movement of the middle zone, we get 
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figures somewhat resembling each other, in which the lines, 
placed obliquely with respect to each other, cut each other. 
This is the case iu fig. 72, the naiddle region of the tracing 
of a bee, and in fig. 73, the middle portion of that of a 
humming-bird moth. 




e adapted to otiier experiments intended to verify those which 

8 have already made hy other meaiiH. By vaiying the ii 

e of the wing ou the revolving cylinder, we can foretell 

[vhat will he the figure traceil if it be true that the wing 

really di'HCi tin's the foiui of au 8 Thue, if we obtain afigurt^ 






conformable to that which we have foreseen, it will be f 
evident proof of the reality of these movements. 



ig nf A WheutHtftwY kolBidoplione rod, ti: 
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Let us suppose that the wing of the inaect, instead of 
touching the cylinder with iis point, as we have seen just 
now, brushes it with one of its edges ; and let us admit for 
an instant that the 8 described by the wing is so leugthened 
that it departs but slightly from the plane passing through 
the vertical axis of this figure. If we press the wing slighdy 
against the cylinder the contact will be continuous, and the 
tracing uninterrupted ; but the figure obtained will no 
longer be an 8 ; if the cylinder be immovable it will be an 
a circle, whose concavity will be turned towards the 
lint of insertion of the wing, et point which will occupy pre- 
deely the centre of the curve described. 
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If the cylinder revolve, ihe figure will lie spread out I^^^| 
the oscillation of a tuning-fork regii^tered und^r the Hl^^^l 
wuditioos, and v^-e shall obtain a tra<;iiig more or less <4^^| 
proachiug in form to that which in represented in fig. 77. ^^H 

^^b 'S^bich li MuXly »^«™«ri ti tLeV™'™W.'..r'tho™^.tol^oJ.UlKlSr ^^M 

^^H This form, which tlieory eniiblus us to predict, is alwa|^H 
^^^H produced when the plaiie iu which the wing tnovea is taC^^| 
^^^1 gentiul to the generatrix of the cyliuder. ^^M 
^^^H But in examining tliese tracings we eaeily recognise oAonjn^B 
^^^H tfi the Chiekiieaa nf the ttroke — parts which appear to have b«eQ 
^^^H mode by a gruuter or lesa friction of the wing on the cylin- 
^^H der ; we here find a new and certain proof of the existence of 
P^^V a movement in the form of an 8, as we now projiose to show 
W by a synthetic nielhod. 

m Let ua take a Wheatstone's rod tuned to the octave ; let us fix 
^ J on it the wing of an insect as a style, and let us trace the vibra- 
I^^H tions which it executes. We shall obtain, if the cylinder be 
^^^1 motionless, figures of 8 when the wing touolies the paper by 
^^^1 its point applied perpendicularly to its surface; and if the 
^^H cylinder revolve, we ehall have lengthened figures of 8. 
^^^H We may obtiiin, with a rod tuned to the octave, tracings 
^^H identical with those giyeo by the insect ; of which a proof is 
^^H iifi'orded by the win pari son of the two followiuff fit^ures:^ 
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Fio. 7S,--Trm;liiM0 of i wnap ; llie lii.-oct is ll"lil »t, I.L.,1 11. wiiiR [..uchei. 
tho cylinder by lU poli't, i^r.d !n«c3 oapwially Ibe np|,=r l.juj, i-t \ho S, 

k J 


1 



TLIGHTOF 1N8BCT9. 



The grajjliic metliod sIbo furnisIieB us with the [iroof of 
changes iu the plane of the wicg of the insect during the 
instants of its revolutiona. 



Pwlth tbe niDB at a 
upper loop at the 8. 

Fig. 80 shows the tracing furDished by a wing of a hum- 
ming-bird moth, MTanged so as to touch the cylinder with ite 
posterior edge. By bringing the insect not too near, we can 
succeed in. producing only intermittent contacts ; these take 
place at the moment when the wing describes th^t part of the 
loops of the 8 whose convexity is tangential to the cylinder. 
The contacts which occupy the upper half of the figure alter- 
nate with those occupying the lower half. It is aeeu, besides, 
that it is not the same surface of the wing which produoea 
these two kinds of friction. In fact, it is evident that the 
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marks of the upper half, each formed of a series of oblique 
strokes are produced bj the contact of a fringed border, while 
the contacts ol the lower part are produced by another portion 
of the ning which presents a region unprovided with fringes, 
and leaves a whiter trace with boundaries better defined. 
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These changes of plaue are only found in great inovementa 
of the wiug, Tliis is au impurt'iut fuct, for it will explain tu 
US the method of their jiroduotiou. Fig. 81 wtut furniaiied 
like fig. 80 by the niovemouta of the wiug of u moth (macro- 
glosaa) ; but on tiucouut of its fatigue these movenieuts had 
lost nearly all their amplitude. 




We see only in tliis figure a series of peudultir osciUations, 
showiug that the wing merely rose and fell without changing 
its piano. The bright line which borders the ascending and 
upper parts of these curves is explained by the alternate 
flexions of the wing as it rubs upon the puper, and shows 
that the upper aurface was rough, and left a distinct trace, 
while the lower surface presented no similnr rouglmeBB. 

3. Direction of the morement of the icing.— One more very 
important element is required to give us a complete knowledge 
of the movements which the insect's wing esei^utes in its flight. 
The optical method, while it shows us all ihe points in the 
curve described by the gilded extremity of tJie wiug, does not 
indicate the directioa iu which this revolution ia accomplished ; 
whatever may be the direction in which the wing moves in its 
orbit, the luminous image which it aftbrds must be always 
the same. 

A very simple method has furnished a solution of this new 
question. Let fig. f*2 b'e the luininoua image furnished by 
^e movements of the right wiug of an insect. The directioa 
of these muTementB which the eye cannot follow is iudieated 
b, Tro... 

To determine the direction of these movements, we take a 
small rod of polished gtaas and blacken it with the smoke of 
a was taper; when holding the rod at right angles to the 
direction in which the wing moves, we present the blackened 
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end t<i («), ihat is to Bay, in front of the lower loop. We 
endeavuiu' to pass this point into the interior of the course 
described by the wing ; but as soon aa it enters this region, 
the rod receives a aeries of shocks from the wing, which rubs 
on its surface, and wipes off the soot which covered it. When 
we examiue the surface of the glass, we see that the soot has 
been removed only on the upper part, which shows that at 
the point (a) of its course, the wing is descending. The 
same experiment being repeated in (a'), that is lo say, in the 
hinder part of the orbit of the wing, it is found that the rod 
has been rubbed beneath ; so that the wing at a was ascending. 
In the same manner it may be shown that the wing risea at 

iand descends at h' . 
Pio. ( 
We now know all the raovements executed by an insect's wing 
uring its revolution, aa well aa the double change of plane which 
accompauiea them. The knowledge of this change of plane 
was given to us by the unequal brightness of the two branches 
of the luminous 8. Thus we may feel assured that in the 
course of the deSL-ending wing, that is &om V to a in fig. 82, 
the upper surface of the wing turns slightly forward, while 
from a to h, that is, in ascending, this surface turns a little 
backwards. 





CHAPTER II. 

MKI.IHAN'ISM OF THE KLliiHT OF INHECTS. 



lUiw of th« movvDientx of the wings of iosucts— The iiiusi'Iiw ulily _ 
a motion tii und fro, the raniatancH of the air moditieii the conrN 
Ihe wing— Art ifleiBl reprwwntntion of the moTeineiits of the ini 
winR-Of the propulMve elTet^t of the wmxB of insBClB— Conrtl 
tion of an artificial insect which nioveii horizontally— Chanjite 
plane in Hi)fltt. 



I, Causeti of th» movfmenU of the wing. — Theao exoeoding'ly 
complicated moveraeuta would induce us to suppose that there 
exists ia insects a very complex muscular appamtua, but 
anatomy does not reveal to ub mu»!lea i^iipable of giving rise 
to all these movements. We scarcely fiud any but elevatiag 
and depressing forces in the miisclen which muve the wing ; 
besides this, when we examine more closely the moohunicfd 
conditions of the flight of the iusect, we see that an upward 
and downward motion given by the muHclcH is siitflcient to pro> 
duce all these Buocesaive acta, so well co-ordinated with each 
other i the resiataace of the air effecting all the other 
ments. 

If we take oft' the wing of an insect (fig. 8;t), and 1 
it by the small joint which connects it with the ihurox, expoi 
it to a eiirrent of air. we see that the plane of the wing 
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inclined more and more as it is subjected to a more povei 
impulse of the wind. The interior nervure resists, but 1 
membranoTis portion which is prolonged behind benda i 
t of its greater pliancy. If we blow tiiMtn the upper aui 



HEICHANIBH OF INSECT FLIQHT. 



197 



face of the wing', we see this surfacn carried backwards, while 
by blowing on it from beneatli, we turn the upper surface 
forwards. In certain species of insects, according to Felix 
Plateau, the wing resiata the pressure of the air acting from 
below upwards, more than that exerted in an opposite 
direction. 

Is it not evident, that in the Taovements which take place 
during flight, the resistance of the air will produce upon the 
plane of the wing the same effects as the currents of air which 
we have just employed ? The ohanges in the plane, caused 
by the resistance of the air under these conditions, are pre- 
cisely those which are observed in flight. We have seen that 
the descending wing presents its anterior surface forwards, 
which is explained by the resistance of the air acting from 
below upwards ; while the ascending wing turns its upper sur- 
face backwards, because the resistance of the air acts upon it 
from above downwards. 

It is, therefore, not ueceasary to look for special muscular 
actions to produce changes io the plane of the wing ; these, 
in their turn, will give us the key to the oblique curvilinear 
movements which produce the figure of 8 course followed by 
the insect's wing. 

Let us return to fig. 82 : the wing which descends has at 
the same time a forward motion ; therefore, the inclination 
taken by the plane of the wing, under the iofluence of the 
resistance of the air, necessarily causes the oblique descent 
from b' to a. An inclined plane which strikes on the air has 
a tendency to move in the direction of its own inclination. 

Let us suppose, then, that tho wing only rises and falls by 
its muscular action ; the resistance of the air, by pressing on 
the plane of the wing, will force the organ to move forward 
while it is being lowered. But this deviation cannot be 
effected without the nervure being slightly bent. The force 
which causes the wing to deviate in a forward direction aeces- 
sarily varies in intensity according to the rapidity with which 
the organ is depressed. Thus, when the wing towards the 

I end of its descending course moves more slowly, we shall 
■ee the nervure, as it ia bent with less force, bring the wing 
backwards in a curvilinear directiou. Thus we explain 
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naturally the formation of the dMcending branch of the 8 
paeeed through by the wiug. 

The Bame theory appliea to the formation of the nn^endiDg 
branch of thie fi|j:ure. In ebort, a kind of p^ndulur oecilla- 
tion executed by the nerrure of the wing ia sufficient, to- 
gether with the renatance of the air, to give rise to all the 
mOTements reTealed to ua by our esporimenta. 

2. Artificial r*preuritation of tlie moveiiitnU of tlie insect's vdng. 
— Thew tlieoreticitl deductions require experimental T«rifioa- 
tion, in order tliat they may be thoroughly bnrne out. We 
have Bucoeeded ia olitaining the following reaulta ; — 

Let tig. 84 be an initrument, which, by means of a multi- 
plying wheel and a conoectiug rod, gives to a flexible ahaft 
rapid to and fro morements in a Terticiil plane. Let ua take 
a membrane similar to that in the wings of insects, and fix it 
to thie shaft, which will then represent the main rib of th« J 
wing ; we shall see this contrivance execute all tiie more- I 
ments which the wing of the insect dencribea in space. I 

If we illuminate the extremity of this artificial wing, we ' 
shall see that ito point describes the figure 8, like a real win^ ; 
we shall observe also that the plane of the wing changea 
twice during each revolution in the same manner aa in the 
insect itself. But in the apparatus wliioh we now employ, 
the movement communicated to the wing is only upwards 
and downwards. Were it not for the resistance of the sir, 
the wing would only rise and fall in a vertical plane ; 
these complicated movements are due therefore only to the J 
reBistanoe presented by the air. Consequently, it is thil'l 
which bends the main rib of the wing, turning it in a direo-T 
tion perpendicular to the plane in which its oscillation i 
effected. 

Sut if the wing be pushed aside from its main-rib at eaoIt| 
of its alternate movements, it is evident that the s 
upon by this wing, will receive an impulse in an opposite 
direction ; that is to say, it will escape at the aide of thfll 
flexible portion of the wing, and cause in this direction i 
current of air. It is seen, in figure 84, that a candle plaoedS 
by the side of the thin edge of the wing, is strongly blowa I 
by the current of uir which is produced. In front of the wing^,.l 
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on the contrary, the air will be drawn forwards, so that the 
flame of another candle placed in front of the nervure will he 
strongly drawn towards it. 




3. Oflhe propuhive action of the miit/s of insecti. — In the 
same manner as the aquib moves in the opposite direction to 
the jet of flame which it throws out, the insect propels itself 
in the course opposed to the current of air produced by the 
movement of its wings. 

Etch stroke of the wing acts on the air obliquely, and 
neutralizns its rAsintance, so tha.t a horiKontn.! force results, 
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which impels tlie insect forwards. This resultant acts in the 
descent of the wiog, as well as ia its upward movement, so 
that each part of the oscillatioa of the wing^ has en action 
favourable to the propulsion of the animal. 

An effect is produced analogous with that which takes place 
when an oar b used in the stem of a boat in the action of 
sculling. Each stroke of the oar, which presents an inclined 
plane to the resisting water, divides this resistance iuto two 
forces : one acts in a direction opposed to the motion of the 
oar, the other, in a direction perpendicular to that movement, 
and it is the latter which impels the boat, 

Most of the propellers which act in water ovenvme the 
resistance of the fluid by the action of an inclined plane. 
The tail of the fish produces a propulsion of this kind ; that 
of the beaver does the same, with this difference, that it 
(wcillatea in a vertical plane. Kven the screw may be con- 
sidered as an inclined plane, whose movement is continuous, 
and always in the same direction. 







If we wish to represent the inclination of the plane of the 
wing at the different parts of its course, we shall obtain 
fig. S5, in which the arrows indicate the direction of the 
course of the wing, and the lines, whether dotted or ftill, 
show the inclination of its plane. 

After this, we need only show the figure traced by Dr. Pet- 
tigrew in his work on flight, to prove how far the ideas of 
tMs English writer differ from ours. 

The trajectory of the wing is represented by Dr, Petti- 
grew by means of fig. 8 6. Four arrows indicate, accort^g; 
to thiw writ«r, the direction of movements in the diffprent por- 
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tions of tliia trajectory. Tliese arrows are in tlie Bnme 
direction, and this first fact ia opposed to the experiment 
describeil in page 195, where we have invesfigated tha direc- 
tion of the movement of the wing, and have found it pass in 
opposite directions in the two branches of the 8. In order to 
explain the form TOhich he assigns to this trajectory, Dr. Pet- 
tigxew admits that in its passage from riglit to left, (he wing' 
describes by its thicker edge the thick branch of the 8, and the 




thin branch by its narrow edge. The crossing of the 8 there- 
fore would be formed by a complete reversal of the plane of 
the wing during one of the pljasea of its revolution. In feet, 
the author seems to perceive in tbis reversal of the plane, aQ 
action similar to that of a screw, of which the air would form 
the nut. We will not dwell any longer on tliis theory, but 
we have deemed it necessary to bring it forward, in con- 
sequence of the appeal which baa been made to ua. 

4. Artificial representation of an insect's fiight. — In order to 
render the action of the wing and the eftecta of the resistance 
of the air more intelligible, we have made use of the following' 
apparatus :- — 

Let fig. 8 7 represent two artificial wings composed of a rigid 
main-rib connected with a flexible membrane, composed of 
gold-beater's skin, strengthened by fine nervures of steel ; the 
plane of these winga is horizontal ; a system of bent levers 
raises or lowers them without giving them any lateral mo- 

The movement of the wings is caused by a little copper 
drum, in which the air ia alternately condensed and rarefied 
iiy the action of a pump. The circnlar surfaces of this drum 
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are formed of india-rubber mem'branes connected with the 
two wings by bent levers ; the air when compressed or rarefied 
gives to these flexible membrauea powerful and rapid move- 
menta, which are transmitted to both wings at the same time. 

A horizontal tube, balanced by a counterpoise, allows the 
apparatus to turn upon a central axis, and serves at the same 
time to conduct the air into the drum, which produces the 
motion. This axis is formed of a kind of mercurial gnao- 
meter, which hermetically seals the air conduits, while it allowa 
the instrument to turn freely in a horizontal plane. 

Thus arranged, the apparatus siiows the mechanism by 
which the resistance of the air, combined with the moTem.ent3 
of the wing, produces the propulsion of the insect. 

If we set in motion the wings of the artificial insect by 
means of the air-pump, we see the apparatus soon begin to 
revolve rapidly around its asia. The mechanism of the mo- 
tion of the insect is clearly illustrated by this experiment, 
entirely confirming the theories which we have deduced from 
optical and graphic analysis of the movements of the wing 
during flight. 

It may be asked whether the figure of S movements de- 
scribed by tbe wing of a captive insect are also produced whea 
the creature flies. We have just aeen that the bending of the 
main-rib is entirely due to the force which carries the insect 
forward when it has become free. We might therefore sup- 
pose that the main-rib of the wing does not yield to this force 
when the insect flies freely, and that -the resulting horizontal 
force is shown only by the impulsion of the whole of the insect 
forwards. 

If, after having gilded, the wing of the artificial insect, we 
look at the luminous image produced during its flight, we still 
see tbe figure of 8 remaining, provided the flight be not too 
rapid. In fact, this figure is modified by the movement of 
the apparatus ; it becomes more extended, and se bl th 
8 registered on a revolving cylinder, but it is n t d ced t a 
simple pendular curve, which would be the cas f th 
rib were always rigid. We can understand th t th m y b 
caused by the inertia of the apparatus, wh h t b 

affected by the variable movemeute which each t k f tb 
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wing tends to bring to bear upon it. The artificial insect, 
vhea onc« set in motion, is Bometimes before, and at others 
behind the horizoatol force developed by the wing : on thia 
BCtount the rib of the wing is forted to bend, because tlie 
mass to be moved does ot obej instantaneously the resulting 
horiiiontal force which the wing derives from the resistance of 
the air. The same pheuoweuou must take place in the flight 
of a real iaaect. 

5. Plant of oteillation of an iiiteet'i a'mg. — The apparatus 
which has juat been described does uot yet give a perfect idea 
of the mecliaaism of insect flight. We have been compelled, 
for the Bake of esplainiug the tnovetnenta of the wing more 
easily, to suppose that its oscillation ia made from above 
downwards ; that is to say, from tlie back of the insect towards 
its lower surface, when lying horizontally in the air. 

13ut we need only obaorvo the flight of certain insects, the 
common fly, for instance, and most of the other diptera, 
to see that the plane in which the wings move is not verti- 
cal, but, on tlie contrary, very nearly horizontal. This plane 
directs its upper surface somewhat forward, and therefore 
the main-rib of the wing corresponds with thia surface. 
Consequently, it is from below upwards, and a little forward 
that the propulaion of the insect is effected. The greater part 
of the force exerted by the wing will be employed in su] 
porting the insect against the action of its weight; the test 
thia impulae will carry it forward. 

By changing the inclination of the plane of oscillation of 
wings, which can be done by moving the abdomen so as 
displace the centre of gravity, tlie insect can, according to its 
wishes, increase the rapidity of its forward flight, lessen the 
speed acquired, retrograde, or dart toward the side. . 

It is easily to be seen that, nhen a hymenopteroua 
flying at full speed, sto^s upon a flower, this inaect directs 
plane of the oscillation of ils wings backwards with consii 
able force. 

Notliing is more variable, in fact, than the inclination 
the plane in which the wings of difiereut speciea 
oacilliLte. 

I'he dijitera a^ipeiir to us to have tliis plane of oecillatfa 
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very nearly horizontal ; in the hymenoptera, tlie wing^ moves 
ill n plane of nearly 45° , but ihe lopidoptera flap their wiugfl 
almost verticiilly, after the mauner of birds. 

In order to render tl)e liilluence of the plane of oscilla- 
tion more evident, and to show that the force derived from the 
reeistiutce of the air has the double effect of ruiHini; the Inne 
and directing its course, we must axriaige t]ie Jliffht-iiiatruntai 
in a peculiar manner. It will be oecessary, iii the first p' 
to be able to change the plane of oscillatioa of the w. 
which 18 eil'ected by placing the drum on a pivot at tha » 
tretnity of the horizontal tube, at the end of which it tumH 
To dhow the ascensional force which ia developed in t 
erracgement, the instrument must no longer be confined to I 
simple movement of rotation in the horizontal plana, but i 
must he able to oscillate in a vertical plane like the scale beam 
of a balance. 

Fig. 88 shows the new arrangement which we have { 
to the instrument in order to obtain this double result. 

In this modification of the apparatus, the air-pump whicild 
constitutes the moving force is retained ; as is also the tum^ 
itig column which moves in tlie mercurial gasometer, 
above tlie disc which terminates this column at the upper endX 
is fixed a new joint, which allows the horizon tally- balance _ 
tube at the end of which ttie artificial insect is placed, to 
oscillate in the vertical plane like a scale-beam. In order to 
estabUsh a communication between the revolving column and 
the tube carrying the insect, we make iLse of a little indi&-^ 
rublier tube, sufficiently flexible not to interfere with thoT 
oscillatory movements of the Apparatus. 

Otiier accessory modifications may be seen in fig. ( 
consists in employing a glass tube to convey tlie air from tht 
pump which moves the insect ; the otlier in a change of the 
mechanism by wliich motion is imparted to the wingi ~" 
most important alteration is the introduction of a joint whiohV 
allows us to give every possible inclination to the plane i 
which tlie wings oscillate. 

The apparatus being arranged so that the counterpoiM 
having been brought nearer to the point of suspension, c 
not exactly balance the weight of the insect, the latter ll 



re] 

^H op 



i 



MECnANISM OF INSECT FLIGFIT. 207 

placed HO that its wings may move iu a horizontal plane, the 
main-rib beiug uppermoat. Thus all the motive force is 
directed from below upwards, and as soon as the pump begins 
to act, we see the insect rise vertically. We can easily esti- 
mate the weight raised by the flapping of the winge, and as 
we can vary the weight of the insect by altering the position 
of the counterpoise, we can determine the efliirt which is 
developed according to the frequency or the amplitude of the 
strokes. 

By turning the insect half way round, so that its wings, 
still oBcillatiug ia a horizontal plane, should turn their main- 
rib downwards, we develop a deauending vertical force which 
'may be measured by removing the counterpoise to a greater 
K«r less distance, and causing it to be raised by the descent of 
Fthe insect. 

If we adjust the plane of oscillation of the wings verlieally, 
the insect turns horizontally round its point of support in 
the same manner as has been previously described and 
represented in hg. 87. 

Lastly, if we give to the plane of oaeillation of the wings, 
&e oblique position which it presents in the greater number 
insects; that is to say, so that the main-rib turns at once 
npwards and slightly forward, we see the insect rise against 
its own weight, and turn at the same time round the vertical 
axis ; in a word, the apparatus represents the double effect 
which ia observed in a flying insect, which obtains from tha 
stroke of its wings, both the force which sustains it in the 
air, and that which directa'ita course in space. 

The first of these forces is by far the more considerable ; 
thus, when an insect hovers over a. flower, and we see it 
illuminated obliquely by the setting sun, we may satisfy our- 
selves that the plane of oscillation of its wiugs is nearly hori- 
zontal. This inclination must evidently be modified as soon 
as the insect wishes to dart off rapidly in any direction, but 
then the eye can scarcely follow it, and detect the change of 
plane, the existence of which we are compelled to admit by 
the theory and the experiments already detailed. 

s poiut of study would be the movements prcpara- 
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tory to fliglit. We ejiook not only of the apreadin^ of t 
wings, wbich in tho coleoptera precedes 

wliich U aomotiraeB BO alow as to be easily observed, nor of 
the unfolding of the first pair of wings, as wasps do before 
tliey fly. Other insects, the diptera, turn their yriags as on 
a pivot around its main-rib in a very remarkable muiiner, 
at tho moment when the winga which were previously ex- 
tended on the back in the attitude of repose start outwards 
and forwards before they begin to fiy. Flies, tipulw and 
many otlier kinds, show this preporatory movement very clearly 
when the insect, being exhausted, has no longer any energy 
in its flight. We see the main-rib of the winy remain sen- 
sibly immovable, and around it turns the membranous portion 
whose free border is directed downwards. This position 
liaving been obtained, tho insect has only to cause its wing 
to oscillate in an almost horizontal direction from backwai 
forwards, and from forwards backwards. If this motion a 
a pivot did not exist, the wing would cut the air with it« adgi 
and would be utterly incapable of producing flight. In othet 
species, as in tho agrion, a small dragon-fly, for inetanoe, the 
four wings, during repose, are laid back to back one against 
the other above the abdomen of the animal. Their main- 
ribs are upwards, and keep their nosition when tho wings pat 
downwards and forwards ; here no preparation for flight j 
necessary. In these insects, as in butterflies, the wing 1 
only to set itself in motion when the crgatui 

It is interesting to follow throughout the series of insects 
the variations presenU^d by the mechanism of flight. 

The confirmation of the theory just propounded is found in 
the experiments which certain naturalists have made by_ 

s of vivisection. For tlie most interesting of these wn 
ore indebted to Professor M. Giraud. All these experiment^ 
prove that the insect needs for the due function of flight I 
rigid main-rib and a flexible membrane. If we cover thfl] 
flexible part of the wing with a coaling which hardens as il 
dries, flight is prevented. We hinder it also by destroying 
the rigidity of the anterior nervure. 

If we only cut off, on the contrary, a portion of the flexibl 
membrane, parallel to its hinder edge, the power of fligj 
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is preserved, for the wing retains the conditiona essentiitl to 
this function — namely, a rigid main-rib and a flexible sur- 
face. Lastly, in some species the combination of two winga 
is indispensable to flight ; a kind of paeiido-elj^;ron consti- 
tutes the nerrure, and behind this is extended a merabranoua 
wing, which is locked in with the posterior border of the 
anterior one. This second wing doea not present sufficient 
rigidity to enable it to strike the air with advantage, and in 
these insects flight is rendered impossible, if we cutoff the 
false wing-case; it is as if we had destroyed the maiH-ribi)f 
a perfect wing. 
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CHAPTER III. 

OF THE FLIGHT OF BIHOa 



tlie bird with reference to flight — Stfuotnre of the wing, 
curves, its muscniar apparatus — Muscular force oE the bird ; 
ipiiiity of contraction of its muscles — Form of the hird ; stabls 
equilihrinm ; conditiona favourahle to chnnge of jlane — Proportion of 
the surface of the wings to the weight of the body in birds of dilfereut 

The plan by which we have been guided in the study of 
insect flight must also be followed in investigating that of 
birds. It will be necessary to determine, by a delicate mode 
of analysis, the movements produced by the wing during 
flight ; from these movements we may draw a conclusion as 
to the resistance of the air wbicli affords the bird a fulcrum 
on which to exert ita force. Then, having propounded cer- 
tain theories respecting the mechanism of flight, the force 
required for the work effected by the bird, &c., we will under- 
take to represent these phenomena by means of artificial 
instruments, aa we bave already done with respect to insects. 

ISut, before we enter methodically on this study, it will be 
useful to prepare ourselves for it by some general observa- 
tions on the organization of the bird, the structure of ita wings, 
the force of ita muscular system, its conditions of equilibrium 
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Conformation o/ tht bird. — By the simple iospeotioit of a 
bird's wiug, it is easy to see that the mechoDiam of its flight 
is altogether different from that of an insect. From the 
manner in which the feathers of ita wing lie upoa each other, 
it is evideat that the resistance of the air can only act from 
below upwards, for in the opposite direction the air would 
force for itself an easy passage by bending the long barba of 
the feathers, which would no longer sustain each other. This 
well-known amingement, so carefully described by Preclilt,* 
h^ caused persons to 8up[>ose that the wing only needed to 
oflcilhite in a vertical plane in order to sustain the weight of 
the bird, because the resistance ot, the air acting from be< 
low upwards is greater than that which it exerts in the 
opposite direction. 

This writer has boen wrong in baaing on the inspection of 
the organ of flight all the theory of its function. We shall find 
that experiment contradicts in the most decided manner tlieao 
premature inductions, 

If we take a dead bird, and spread out its wings bo as to 
plm-e them in the position represented in lig. 89, we see that at 
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difTerenC points in its length, the wing presents very remat-l 
able changes of plane. At the inner part, towards the 
the wing inclines considerably both downirards and back- 
words, while near its extremity, it is horizontal and some- 
times slightly turned up, so that its under surface is directed 
somewhat backward. 

Dr. Pettigrew thought that he could find in this curve a 
surface resembling a left-handed screw propeller ; struck with 
the resemblance between the form of the wing and that of 
the screw used in navigation, he considered the wing of. 

* Ufttersnchungen liber den Flug dec Vngel. 8vo. Vionua : 18U. 
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bird as a screw of which the air formed the nut. We do 
not think that we need refute such a theory. It is too evi- 
dent that the alternating type which belongs to every muscular 
movement cannot tend to produce the propulsive action of a 
screw ; for while we admit that the wing revolves on an axis, 
this rotation is confined to the fraction of a turn, and ia fol- 
lowed by rotation in the opposite direction, which in a screw 
would entirely destroy the effect produced by the previous 
movement. And j'et the English writer to whose ideas we 
refer has been so fully convinced of the truth of his theory 
that he has wished to extend it to the whole animal kingdom. 
He proposes to refer loeomotioc. in all its forms, whether 
terrestrial, aquatic, or aerial to the moveuieDts of a screw 
propeller. Let us only seek in the anatomical structure of 
the organs of flight the iuforma,tion which it can afford us ; 
that is to say, that which refers to the forces which the bird 
can develop in flight, and the direction in which these forces 
are exerted. 

Comparative anatomy shows us in the wing of birds an 
analogue of the fore limb of mammals. The wing when 
reduced to its skeletim, presents, as in th% human arm, the 
humerus, the two bones of the fore-arm, and a rudimenUry 
liand, in which we still flud metacarpal bones and phalanges. 
The muscles also preseut many analogies with those of the 
anterior limb of man ; some parts of these hear such a resem- 
blance both in appearance and in function, that they have 
been designated by the same naniie. 

In the wing of the bird, the most strongly developed muscles 
are those whose office it is to extend or bend the liand upon 
the fore-arm, the fore-arm oa the humerus, and also to move 
tlie humerus, that is say, the whole arm, round the articula- 
tjon of the shoulder. 

In the greater number of birds, especially of the larger 
kinds, the wing seems to remain always extended during flight. 
Thus, the extensor muscles of the different portions of this 
organ would serve to give this organ the position necessary 

IJbr rendering flight possible, and for maintaining it in this posi- 
tion ; as to motive work, it would beexecuted by other muscles, 
touch stronger than the preceding— namely, the pectonth. 
Ln ii 
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All the anterior Biirface of the thorax of birds is occupied 
by powerful uuscular masses, and especially by a large 
muflcle, which hj its attachmeiita to the Blernum. to the ribe 
and tlie humerus, is analogous with the larpe pectoral muscle 
in man and the mammals ; its office is evidently tu lower the 
wing with furce and rapidity, and thus to gaiu from the air 
the fulcrum necessary to sustain, as well as to move the -mass 
of the body. Underneath the large pectoral is found the 
medium pectoral, whose atition is to raise the wing. On tlia 
exterior, the iiiiall pectoral, acting at accessory to the large 
one, extends from the xternum to tlie humerus. 

Since the force of a muscle is in proportion to the volume 
of this organ, when we consider that these pectoral miisctes 
represent about one- sixth part of the whole weight of the 
bird, we shall immediately understand that the principal 
function of tlight devolves on tljuse poweri\il organs. 

Borelli endeavoured to deduoo from the volume of the pec- 
toral muscles the energy of wbich they are capable; he con- 
cluded that the force emjiloyed by the bird in flight was equal 
to 10,000 times its weight. We will not here refute the 
error of liorelli ; many others have undertaken to combat hie 
notions, and have substituted for the calculations of tlie Italian 
phyeiologist others whose correctness it would be difficult to 
prove. Such great contradictions aa are to be found in the 
different estimates formed of tlie muscular force of birda have 
arisen from the fact that these attempts at meaaurement were 
premature. 

Navier, depending on calculations which were not based on 
experiment, considered himself authorized in admitting that 
birds develop enormous mechanical work : seventeen swallowa 
would exert work equal to a horsepower. "As easy would it 
be," said M. Uertrand, facetiously, " to prove by calculation 
that birds could not fly — a conclusion which would rather com- 
promise mathemalios," 

Besides, we find that Cagnia^d Latour admittod, basing his 
assertion on theory, that the wing is lowered eight times mor^ 
quickly than it rises. Kxperiment, however, proves that the 
■M ing of the bird is raised more quickly thaa it descends. 

EiitimaU of the tnuecular force of ilie bird. — We must at the 
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present day measure mechanical force under the form of work. 
It is necessary for this purpose to tnow wliat resistance ia 
met with by the wing at each instant of its movements, 
and the direetion ia which it repels firom it this resisting 
medium. 

Such an estimate requires a previous knowledge of the 
resistance of air against surfaces of different curvature moving 
witli various degrees of velocity; it supposes at the same time 
that we know the movemeuts of the wing as well as their 
veloci^ and direction at every instant. 

This problem wQl perhaps be the last which we may hope 
to solve, but we may even now study from other points of 
view the force exerted by the m.uscles of the bird, and esti- 
mate some of its characteristics. 

Thus, we may obtoiu experimentally a measure of the maxi- 
mum effort which these muscles can exert. This measure may 
not really correspond with the real efl'ort displayed in flight, 
but it may keep us from forming exaggerated estimates. 

If the calculations of Boretli, or even those of Navier were 
correct, we ought to find in the muscles of the bird a very 
considerable statical force. Experiments show, however, that 
these muscles do not seem capable of more energetic efforts 
than those of other animals. 

Erperiinent. — Our first experiment was made upon a buz- 
zard. The creature being hoodwinked was stretelied upon its 
back, with its wings held on the table by hags filled with 
small shot. The application of the hood plunges those birds 
into a sort of hypnotism, during which we can make any num- 
ber of experiments ilpon them, without their evincing any pain. 

We laid bare the great pectoral muscle and the humeral 
region, we placed a ligature on the arteiy, disarticulated the 
elbow-joint, and took away all the rest of the wing, A cord 
was fixed to the extremity of tha humerus, and at the end of 
this cord was placed a scale-pan, into which small shot was 
poured. The trunk of the bird being rendered perfectly im- 
movable, we excited the muscle by means of interrupted in- 
duced currents ; while the artificial contraction was produced, 
iin assistant poured into the pan the small shot, until the 
force of contraction of the muscle was counteracted. At this 
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movement, tlie weight supported was 2 kilograi 
grmnraes (aliout 6-.18 Ihs. Iroy). 

If we take into account the unequal length of the amte of 
the lever, on ths aide of the iMwer anil that of the resistance, 
we find Uiat the pectoral muat-le had been able to produce a 
total effort of 12 kilogrammes 600^ammea (nliout 3S*78 Ilia, 
troy], which would corresjiond with a traction of 1 298 
gTamtnea (3'66 lbs. troy) for eiu;h square centimetre of the 
tranaverae eection of the muscle. 

A pigeon pluced under the same conditions has given, as its 
entire effort, a weight of 48G0 grammes, which, act-ordiug to 
the transverse section of ita muscle, raised to HOO ^(unines 
tlie effort which each musculai Ijuiidle could devolop for every 
square centimetre of section. 

If we admit tliat the electrical action employed in these 
experiments to make the must^lcts contract, develops an effort 
leas than that which ia caused by the will, it is not lesa true 
that these estimates, which are less thau those which we 
generally obtain in the niustlea of mammala under the same 
conditiouB, do not autliorize us in recognizing in the bird anj 
special musiular power. 

LuHlly, if we were to take into account in this estimate 
the laws of thermo-dynamics, wo might affirm that the bird 
would not develop in flight a vory especial amount of work. 

All work, in fact, cou only be performed with b certain 
waste of sutistance, and if the act of flying involved a great 
expenditure of work, we ought to find a uotable diminution 
of weight in a bird when it returns from a long flight. Nothin); 
of this kind ia observed. Peraoue who train carrier pigeons 
have given ua information on this point, from which we gather 
tliat a bird wliich has traversed in a single flight a distance of 
fil^ leagues (which it seems to do without taking any Ibod), 
weighs only a few grammes less than at its departure. It 
would be interesting to make theae experiments again with 
greater exactitude. 

Of the rapidity of the muscular actions of birds. — One of the 
most striking peculiarities in the action of a bird's muscles 
is the extreme rapidity with which force is engendered in 
them. Among the diil'ereut species of animals whose muscular 
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acta we liave determined, tlie bird ia that wliiah, after the 
insect, hati given the most rapid movements. 

This rapidity is indispensable to flight. In fact, the ving 
when lowered, can meet with a BufScient resistance in the 
air only when it moves with great velocity. The resistance 
of the air against a plane surface which strikes upon it 
and repela it, evidently increases in the ratio of the square 
of the velocity with which tLia plane is displaced. It 
would be of no use for the bird to have energetic inusoles, 
capable of effecting considerable work, if they could only 
give slow movements to the wing ; their force could not 
be exerted for want of resistance, and no work could be pro- 
duced. It ia otherwise with terrestrial animara which run or 
creep on the ground, with a speed more or less rapid accord- 
ing to the nature of their muscles, but which iu every case 
utilize their muscular force by means of the perfect resistance 
of the ground. The necessity of velocity in the movements 
of fishes has been already observed, since the water iu which 
they swim resists more or less, according to the rapidity 
with which their tails or their fins act upon it. Thus the 
muscular action of fishes is rapid, but much less so than 
that of birds, which move in a medium far more yielding. 

In order to understand the rapid production of movements 
in the muscles of the bird, we must remember that these 
movements are connected with chemical action, produced in 
the very substance of the muscle, where they give rise, as in 
machines, to heat and motion. We must therefore admit 
that these actions are excited and propagated more readily 
in the muscles of birds thou in those of any other species of 
auiuialB. In the same manner the diliereut kinds of powder 
used in war diiter much from each other in the rapidity of 
their explosion, and eonsequetitly give very different velocities 
h) the projectiles which they impel. 

Lastly, the form of movement presents in difierent species 
of birds peculiarities which we have already noticed. We 
have seen in Chapter VIII. how much the dimensions of the 
pectoral muscles vary according as the atrokes of the wing are 
required to have much force or great eifent; therefore we 
shall not recur again to this si ' 
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form oj the bird. — All those who have studied the Sight of 
birds have very properly paid great attention to the form of 
these creatures, as Tendering them eminently adapted to flight. 
They have retognised in them perfect stable equilibrium in 
the aerial medium. They have thoroughly uuderstood the 
part played by the large surfaces formed by the wings, which 
may sometimes act as a parachute, to produce a very slow 
descent ; while at other times tliese surfaces glide through the 
air, and following the inclination of their plane, allow the 
bird to descend veiy obliquely, and even to rise, or to hover 
wliile keeping its wings immovable. Some observerB have 
gone BO far as to admit that certain species of birds play 
an entirely passive part in flight, and that giving up their 
wirigs to the impulse of the wind, they derive from it a force 
capable of carrying them in every direction, even agidnfit the 
wind. It seems to ua interesting to discuss, in a few words, 
this important question in the theoiy of flight. 

The stable equilibrium of the bird lias been well explained ; 
tliere is nothing for ua to add to the remarks wtiich have been 
made on this subject. The wings are attached exactly at 
the highest port of the thorax, and consequently when the 
outstretched wings act upon the air aa a fulcrum, all the 
weight of tlie body is placed below this surface of suspension. 
We know also that in the body itself, the lighlost organs, the 
lungs and the air vessels, are in the upper port ; while 
the mass of the intestines, which is heavier, is lower; also 
that the tlioradc muscles, which are so voluminous and heavy, 
occupy the lower part of the system. Thus the heaviest 
part ia jdaced ae low as possible beneath the point of sus- 
pension. 

The bird, as it descends with its wings outspread, will thus 
present its ventral region downwards, without its heiuguecos- 
aary to molce an effort to keep its equilibrium ; it will take 
this position passively, like a pitrachute set free in space, ot 
like the shuttlecock when it falls upon the battledore. 

But this vertical descent is an exceptional case ; the bird 
which allows itself to fall is almost always impelled by some 
previous horizontal velocity; it therefore shdes obliquely upon 
the ail', as every light body of large surface does when placed 
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under tlie conditions of stalile equilibrium which we have ^M 
JTiat described. Mous. J. Plina has carefully studied tlie H 
diifefent tmda of eliding movement which may take place ; he ^M 
has ewen represented them by means of small pieces of appa- H 
rfttus which imitate the insect or the bird when they fly ^M 
without moving their wings. ^M 
If we take a piece of paper of a sq^uare.foi-m, and fold it in ^M 


HH^i— 






— . ^ / 1 




*-.-.-'- 1 








■ 


Pio. so.— H>.pre«Dtipg. on the left, a CODtriTunco intended to imitxla ths ^^M 

atta.^hcd to the eitr«nltie< of a wire wLlcti te fliej In the lower part of ^H 
the angle formed by Uie folded paper. Tblspiecnof spparatusmllB gertl- ^^1 
nttly. IB BbowQ by tbo buccobsIts poaltlans of tha wire wbuD Btticbed to ^^H 
th« two weight*. On the rigbti-e.™ the ^mecontriranoe connected ^H 
with one welgbt uol;. ' Its fnll la pm^bollc, as thowa by the dotted ^^1 

the middle, ao as to form a very obtuse angle [fig. 90) ; then. ^M 
at the bottom of this angle, let us &s with a little wax a ^M 
piece of wire attached to two masses of the same weight ; we ^| 
shall have a system which will maintain stable equilibrium. ^| 
in the air. If the centre of gravity pass exaeUy through the ^| 
centre of the figure, we shall see it descend vertically when ^H 
we let it go, the convexity of its angle being directed down- H 
wards. H 
If we take away one of the weights, ho as to alter the H 
position of the eenlre of gravity, the apparatus, instead of H 
descending vertically, will follow an oblique trajectory, and ^| 
will glide through the air with an acoelerated motion (fig. 90, H 
to the right). H 

k i 
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Tlie traji-ctorj' passed through by this little instrument will 
be situated in a vertical plane, if the two halves of the appa- 
ratus are perfectly sy m metrical ; but if they are not, it wiD 
turn towards the side in which while it cuts tLe air it finds 
the greater resistance. These effects, wliioh are easily un- 
derstood, are identical 'with those which the resistance of the 
rudder causes in the advancing motion of a sbip. They can 
uIhq be produoed in a vertical direction ; so that the trujectory 
of the iip|)BratU8 may be a curve with ita concavity abore or 
below, as the case may be. 

Every tliin body wKicli is carved fends to glide upon the 
air acoordiug to the direction of its own curvature. 




If we turn back either the anterior or posterior ed^ of our 
little appamtua, we shall see it at a given moment of ita 
descent rise in opposiljon to its own weiglit, but it will soon 
lose its upward movement (fi}j. 91). Let us consider what 
has taken place. 

80 long as tlie paper deanended with but sliglit rapidity, 
the effect of its curvature was not perceptible, because the 
air resists surfaces only iu tlie ratio of the velocity with which 
they move. But when the rapidity was suihcieutly great, an 
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effocf. wiiB produced similar to that of a rudder, which, turned 
up tliesuterior eztreniity of the little apparatua, and gave it 
an ascending couree. Imuiedialely, the weight which was 
the geuerating force of its gliding movement tlirough the aip 
began to retard it ; in proportion as it rose, it loat its velo- 
city until it reached the point of rest. After that, a downward 
movement eorameuced, then an ascent in the opposite direc- 
tion, GO that tlie paper descended to the ground by uucceGsive 
oscillations. 

If we give the apparatus a slight concavity downwards, 
the opposite effect is produced; we see (fig. 92), at a certain 




13— Tbs riBhtliiillil o 



niijle luifl been bent 



moment, the trajectory turns abruptly downwards, and tlie 
falling budy strikes the ground with considerable violence. In 
tliis second case, when the rudder-like effect is produced, the 
new direction has in its favour the weight which hastens the 
fall of the little instrument, as in the former experiment it 
rendered the re-ascent more alow. 

We have dwelt upon these t-lfects, because they often occur 
in the ilight of bii'da. They are mentioned in the old treatises 
on falconry, which describe the evolutions of birds used in 
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bawliing:, Witliout going further back, we find in HuTjer^tln 
description of these uiuTiliiiear movementa of falcons, to whid 
they gave the name of paesadei, and which consisted of Bi 
oblique descent of the bird, followed by a re-ascont, which 
they called reuourc» (from the Latin, remrgeit). " The bird," 
enya Huber, "carried forward by its own velocity, would dasti 
it§elf against the ground, were it not that it exercises a. cer- 
tain power which it poBSessos of stopping when at ita utniosi 
speed, and turning directly upwards to a sufficient height to 
enable it to make a second descent. This movement is abia 
not only to arrest its dexcent, but also to carry it without any 
further effort, as high as the level from which it etftrted." 

Surety, there is eouie exaggeration in saying that the bird 
can rise, without ony active effort, to the height from which 
it stooped { the resistance of the air must destroy a portion of 
the force which it had acquired during its descent, and wliich 
must be transformed into a rising impulse. We see, how- 
ever, that the. phenomenon of the retaoures has been noticed 
by many observers, and that it has been considered by tliem 
as, to a certain extent, a ])asBive motion in which the bird 
has to employ no muscular force. 

The act of hovering presents, in certain cases, a great ana- 
logy with the phenomena just described. When a bird — a 
pigeon, for example — has traversed a certain distance by flap- 
ping its wings, we see it suspend all these movements for 
some instants, and glide on either horizontally, ascending or 
descending. The laller kind of hovering motion is that which 
is of longest duration j in fact, it is only an extremely slow 
fall, but in which the weight assists the movement, while 
it checks it in the horizontal or ascending course. In the last 
two forms, the wing, directed more or less obliquely, derives 
its point of resistance from the air, like the child's plaything 
called a kite, but with this difference, that the velocity is 
given to the kite by the tractile force exerted on the string 
when the air is calm, while the bird when it hovers utiliiiea 
the speed which it has already acquired, either by its oblique 
full or by the previous flapping of its wings. 

We have already snid, that observers had admitted that 
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certuin birds which they oalled " sailing birds" could auatain 
and direct themselves ia the air solely by the action of the 
wind. This theory has all the appearance of a paradox ; we 
cannot understand how the bird, when in the wind, and using 
DO exertion, should not be affected by its force. 

If the passadea, or the changes which it effects in the plane 
of its wings, can sometimes carry it in a direction con- 
traiy to that of the wind, these can be only transient effects, 
compensated afterwaids by a greater force driving them 
before the wind. 

Nevertheless, this theory of aaitviff flight has been advo- 
cated with great talent by certain observers, and especially by 
Count d'Esterao, the author of a remarkable memoir on the 
flight of birds. 

"Every one," says this author, "must have seen certain 
birds practise this kind of sailing flight ; to deny it, ia to 
contradict evidence," 

We know so little yet of the reaiatanee of the air, especially 
vith reference to the resolution of this force when it acts 
against inclined planes under difierent angles, that it is im- 
possible to decide on this question as to sailing Bight. It 
would be rash absolutely to condemn the opinion of observers, 
by depending on a theory or on notions as vague as those 
which we possess on this subject. 

Ratio of the mrface of the mnqs to the u-eight of the body. — 
One of the moat interesting points in the conformation of birds 
consists in the determination of the ratio borne by the surface 
of the wings to the weight of the bird. Is there a coastaut 
relation between these two quantities ? This question has 
been the cause of many controversies. 

It has already been shown that, if we compare birds of 
different species and of equal weight, we may find that some 
have their wings two, three, or four times more extended 
than the others. The birds with large wing surfaces are 
those which usually give themselTes up to a kind of hovering 
flight, and have been called sailing birds ; while those whose 
wiug is short or narrow are more usually accustomed to a 
fliglit which resembles rowing. If we compare together 
two "rowing" or two "sailing" birds; if, to be more 





222 ANIMAL MECIIAKISM. ^^* 

exact, we choose them from the eatne rAinily, in order to have 
no difference betu'eea them except that of sue, we shall finil 
a tolerably conBtaiit ratio betweca the weight of tliose birdi 
and tlie aurfttce of their wings. But the determination of this 
ratio must Ite based upon tertaia considomtions wliioh ham 
wen long disregarded by naturalists. 

Mona. de Lucy has endeavoured to compare tlie surfnoe of 
the wings witli the weight of the body in all flying animpJa. 
I'hen, in order to establish a common unit between creatures 
of such different species and aiae. he referred all tlieso eati- 
matea to an ideal type, the weight of which was always one 
tilogramme. Thus, having ascertained that the gnat, which 

millimetrea of surface, lie cuut^luded that in the guut type 
each kilogramme of the animal wita supported by an alar sur- 
"ace of ten square millimetres. 

taken in animals of a. great number of diffurpnt speciea 
and aizea, Mons. de Lucy Ims arrived at the fallowing re- 
sults: — 




SpMia.. 


Woight of Animal. Surraco of Wing*. 


Sui-faM i»r 
Kilr-giumme. 


Gnst . 
Bntleilly. 

PigL-OU . . 

Sturk . . 
AuatraliauCiano. 


8 raillipfr. 
20 PEiitigr. 

DGOO „ 


30 w]. millira. 
Hl«3 ,. „ 
TRO w. centim. 

asi» „ „ 


10 Bi.miUim. 

26M ^.mitiBi. 
I»8S „ „ 
899 „ „ 


i 


portant consideration, that animals of large size and great 
weight suatain themselvea in the air with a much lees pro- 
portionate Burface of wing than thoae of smaller size. 

Such a result plainly shows that tho part played by the 
wing in flight is not merely passive, for a sail or a parachnta 
ought always to have a surface in proportion to the weight 
which it has to support ; but, on the contrary, when con- 
sidered in ita proper point of view, as an organ which strikes 
the air, the wing of tbe bird ought, as we shall see, to pre- 
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sent a surface relatively lesa in birds of large size and of 
great weight. 

The surprise which we feel at the result obtained by Mods. 
de Lucy disappears when we consider that there is a geome- 
trical reason why the surface of the wing cannot iniTease in 
the ratio of the weight of the bird. In fact, if we take two 
ohjects of the same form — two cuhes, for example — one of 
which has a diameter twice as large as the other, each of the 
surfaces of the larger cube will be four times as large as that 
of the smaller one, but the weight of the large cube will be 
eight times that of the ainnll one. 

Thus, for all similar geometrical solids, the linear dimen- 
sions being in a certain ratio, the surfaceB will increase in 
proportion to their squares, and the weights in that of their 
cubes. Two birds similar in form, one of which haa an 
extent of wing twice as large aa the other, will have wing 
surfaces in the proportion of one to four, and weights in that 
of one to eight. 

Dr. Hureau de Villeneuve, basing his enquiriea on these 
considerations, has determined the surface of wing which 
would enable a bat having the weight of a man to fly ; and 
he has found that each of the wings need not be three metres 
in length. 

In a remarkable work on the lelative extent of wing and 
weight of pectoral muscles in different species of flying ver- 
tebrate animals,* Hartiugs shows that ia a series of birds we 
can establish a certain relation between the surface of the 
wing and the weight of the body. But we must be careful 
only to compare elements which admit of comparison; for 
instance, the length of the wings, the square roots of their 
Bilrfaces, and the cube roots of th« weights of different birds. 

Let I be the length of the wing; a, its area or surface; 
and p the weight of the body ; we can compare together t, t/a, 
and ■\/p. 

Making observations on different types of hirds, Hartings 
ascertained their roeaaurementB and weights, &om whldi he 
ohtaiued the following table : — 



' Arcliivea Net'rliin 
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NiUneofS|«,ei-:9. 


WeigW. 
P 


Surface. 


Jiaiuy. 


1. Lnras srgeDUtus . 


868-0 


541 


2-ea 


2. Anas nyroca 


608 '0 


321 


2-3S 


3. Fulica atn . . . 




IflB-O 


262 


2 06 


1. Anascrerca 




275-6 


144 


1-84 


5. Uni. ridibundiis . 




197-0 


331 


3-13 


<t, Mncbt'lpB piiKniix • 




1900 


104 


2-23 


7. HsUuB MUUUticUB . 

8. Turdiu {)iliiri« . 




170-6 




I -HI 




103-* 


101 


2 14 


8. Tunimtnrruk 




SS'S 


10« 


2*51 


1<I. Stumiu vulgni'iB 




SA'l 


8fi 




11. Uomhicillagurriilii. 




fio-u 


44 


T-flB 


I'i. Alauda arvensii. 




32-3 


76 


2.(19 


la, I'flTOBniBJor . 




U'8 


31 


2-28 


U. FriiiRiUu »l>iniu 




10-1 


afi 


2-33 


IS I'unu cicrulQU. . . . 


0-1 


Si 


2-34 



To this lint of HartingH we will add another which we hare 
, prtujaredbytliesamemethrjd (p.225), AH the experimenta Iiave 
been made on birds killed fay the gua, and a few iastanta after 
death. We have taken the surface of the two wings instead 
of only one, as Hartinga liad done ; this modification, which 
appeared necosaary, is the principal cause of the diCferencK 
which the reader will find between our nutiibars and those of 
the Dut«:h phyaiologist. To compare the two tables, it wi'A 
be necessary to multiply by ^2 the number obtained by 
Ilortings as the expression of the ratio ^- 

The variations that we find ia the ratio of the weight of 
the body to the surface of the wings in dilTereut species of 
birds, depends in a great degree on the form of the wings. 
In fact, it is not immaterial whether the surface which strilfeB 
the air has its maximum near the body or near the extremity ; 
these two points have very difi'erent velocities. For an equal 
extent of surface the resistance will be greater at the point of 
the iviug than at its base. It follows from this, that two birds 
of unequal surface of wing may find in the air an equal resist- 
ance, provided that these surfaces are differently arranged. 

The weight of the pectoral muscles is, on the coatroiy, ■ 
a simple ratio to the total weight of the bird, and uotwi^ 
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standing: variationa whidi correspond with the different apti- H 


tudes for flight with whioh each epedes ia endowed, we find H 


that it ia about one-sixth of the whole weight ia the greater | 




number of birds. 










SarfKce of 








Name of Species. 


Weight = p 
Qrammes. 


WingH = 2a. 
matrss. 


Ration ^ 




Tultnr . 


1868 M 


3131 


*-722 




ymturdnersM . 




1635-00 


3233 


*-62B 






,. mino 




128 'B-f 
H7-86 


8*2 


6-016 
*-*2* 






FalM £obak . 




282 '44 


B70 


4-7*7 






Faleo mbktio (?J . 




609-82 


1884 


5-1S8 






Fdoopalustria . 






208-76 


1188 


S-810 






Fttloo milvuB 








190* 


5 '117 






Strii pasaerina . 






122-80 
128 -Bi 


39* 
U2 


3-9fl3 
4-162 






Siuf^ola ll^nanthB 






68-05 


125 


2-922 






Alauda cristata 






3(-80 


202 


*'273 






Corvaa oornii , 






874'fi4 


use 


*-717 






Alc«do ispida 
Aloedo alra (I) . 






«-12 


320 


4 '962 










18-30 


117 


4-105 










82 '89 


270 


3789 










as'se 


2SS 


3 '846 






Coluinba Tinscsa 






112 OO 




3-646 






Tauelliu spinasuB 






IBB '84 


836 


*'e49 






QIatMla 






BS-l? 


U3 


4 066 






Buteo vulgaris . 






785-00 


1851 


*'*05 






Perdii oinerea 






280 '(HI 


320 


2-734 






Stumiu volgariB 






78 '00 




3-328 






Corviapica . 






212 00 
27SOO 


6*0 
6B0 


3 '908 
4-030 






Hinmdo'Iirbica 






18'0O 


120 


4-180 






Turdus metula . 




Bl'OO 


230 


3-835 






In conclusion, each animal wbiab Buetaina itself in the air 




must develop work proportionate to its weight; it ought, for «H 


this purpose, to poaaess musctilar mass ia proportion to thia 1 


weight ; for, aa we liave already seen, if the actions performed fl 


by the musoles of birds are always of the same nature, these H 


actions and the work which they perform will be in proportion H 


to the mass of the muscles. H 
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But how is it that wings whose surfaces vary as to the 
square of their linear dimensions are sufficient to move the 
weights of birds which vary in the ratio of the cubes of these 
dimensions ? 

It can be proved that, if the strokes of the wing were as 
frequent in large as in small birds, each stroke would have a 
velocity whose value would increase with the size of the bird; 
and as the resistance of the air increases for each element of 
the surface of the wing, according to the square of the velo- 
city of that organ, a considerable advantage would result to 
the bird of large size, as to the work produced upon the air. 

Hence it follows, that it would not be necessary for large 
birds to give such frequent strokes of the wing in order to 
sustain themselves as would be required for those of smaller 
size. 

Observers have not, hitherto, been able to determine very 
accurately the number of the strokes of the wing, in order to 
ascertain whether their frequency is in an exact inverse ratio 
to the size of birds ; but it is easy to see that the number of 
strokes varies in birds of different size in a proportion of this 
kind. 



CHAPTER IV. 

OF THE MOVEMENTS OF THE WING OF THE BIRD 

DURING FLIGHT. 

Frequency of the movements of the wing — Relative durations of its rise 
and fall— Electrical determination — Myographical determination. 

Trajectory of the bird's wing during flight— Construction of the instru- 
ments which register this movement — Experiment — Elliptical figure 
of the trajectory of the point of the wing. 

In the general remarks on the form of the bird, and on the 
deductions to be dra^v^n from it, the reader must have seen 
that many hypotheses await experimental demonstration. For 
this reason, we have been anxious to apply to the flights of 
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the bird the method which has enabled us to analyse the other 
modes of locomotion. 

Frequaney oj the strokes of ihf mng. — The graphic method 
which enabled us so easily to determine the frequency of the 
strokes of the insert's wing cannot be employed under tiie same 
conditions when we ex.perimeDt on the bird. It wilt be neces- 
sary to transmit signals between the bird aa it flies and the 
registering apparatus. We have here to deal with a problem 
similar to that which we solved with respect to terrestrial 
locomotion, when we registered the number and the relative 
duration of the pressures of the feet upon the ground. We 
must now estimate the duration of the impacts of the wing 
upon the air, and the time which it occupies in its rising 
motion. 

Electrical method. — We made use at first of the electric 
telegraph. The experiments coDsist in placing on the ex- 
tremity of the wing a kind of apparatus which breaks or doses 
an electric circuit at each of the alternate movements which 
it is induced to make. In this circuit is placed an electro- 
magnetic arrangement which writes upon a revolving cylinder. 
Figure 94 shows this mode of telegraphy applied to the study 
of a pigeon's flight, simultaneously with the transmission of 
sigaals of anothei kind, to be hereafter described. In this 
figure the two conducting wires are separated from each other. 

The writing point will trace a wavy line, the elevations and 
depressions of which will correspond with each change in the 
direction of the movement of th.e wing. In order that the 
bird may fly aa freely as possible, a thin flexible cable, con- 
taining two conducting wires, establishes a communication 
between the bird and the telegraphic tracing point. The two 
ends of the wires are fastened to a, very small light instrument 
which acts like a valve under the influence of the resistance of 
the air. When the wing rises, the valve opens, the current 
is broken, and the line of the tele^ip'aphio tracing rises. When 
the wing descends, the valve closes, the current closes at the 
same time, and the tracing made by the telegraph is lowered. 

This instrument, when applied to diflerent kinds of birds, 
enables us to ascertain the frequency peculiar to the move- 
ments of each. The number of species which we have been 
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ftble to Btudy is very small ua yet; the followinf; ar« the 
toaulu obtained : — 

Itcvolatioiu of wing 
per seooniL 

aparrow .13 

Witddack St ^^H 

Uoorbuiurd Sf ^^H 

Scrpeoli owl ..,,,, ^^^^| 

Buxzaril 8 ^^^1 

Tlie frequeiiuy of the itrokas of tlie wing varies also, according 
oa the liird is first starting, in full flight, or at the end of iti 
flight. Some birds, as we know, keep their wings perfeotl; 
still for a time; they glide upon the air, making use of the 
velocity already acquired. 

Rtlative duration of th» dfprenion and elevation of the wng — 
Contrary to the opinion enlartained by some writers, the 
duration of the depression of the wing is usually longer than 
that of its rise. The inequality of these two periods is more 
distinctly seen ia birds whose wings have a large surface, and 
which beat slowly. Thus, while the durations are almost 
equal iu tlie duck, whose wings are very narrow, they are 
uuequal in the pigeon, and still more so in the buzzard. 
The following are the results of our experiments : — 



Duck 

Pigeon . . 

Bumrd . 


TattldDrationofa 
reralutioaorthoiring. 


Ascunt. 


DBKsnt 


ll|huDdrBd»ot»8i.ooud . 

121 

321 


6 
121 


61 

81 
SO 



It is more diffi.cult than would have been expected, to determine 
the precise instant when the direction of the line traced by the 
telegraph changes. The periods during which the soft iron 
is first attracted and then set free, have an appreciable duration 
when the blackened cylinder turns with sufficient rapidity to 
enable us to measure the rapid movements which are the 
subjects of this inquiry. The inflections of the line traced by 
the telegraph then become curves, the precise commencement 
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of each of which it ia difficult to diacover. There ie therefore 
some limit to the precision of the measurementa which we can 
take by the electric method ; w* can atill, however, eatimate 
by this Bieaiia the duration of a movement with a tolerably 
accurate approximation. 

Myograjikic method. — We have seen that a dilatation accom- 
panies the contraction of the muBcles, and follows it through 
all its phases. A shortening of the muscle, either rapid or 
slow, feeble or energetic, as the case may be, will therefore be 
accompauied by a lateral dilatation which will have similar 
characters of rapidity or intensity. At each depression of the 
wing of a bird, the large pectoral muscles will be subject to a 
dilatation which it wil^ be necessary to transmit to the re- 
gistering apparatus. 

We shall have recourse, for this purpose, to the apparatus 
which we have employed in determinations of the same kind, 
when treating of human locoojotion. Some slight modifica' 
tions will enable them to give siguaJs of the alternate phaseei 
, of dilatation and relaxation of the large pectoral muscle. 




The bird flies in a space fifteen metres square and eight 
metres high. The registering apparatus beiug placed in the 
centre of the room where the experiment is made, twelve 
metres of india-mhber tubing are sufB.cient to establish a 

I constant communication between the bird and the apparatus. 
A sort of corset ia fixed on apigeon (see figure 94). Under 
tbie corset, between the stuff, wliich is tightly stretched, and 
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the pectoral muscles, & small instrument is slipped, wbich is 
intended to show the dilatation of the muscles, and is oonstructed 
in the following maniier : 

A little metal pan (fig. 93), conttuning within it a spiral 
spring, is closed bj" « niembraQe of india-rubber. This closed 
pan commnniciiten with a tulie transmitting air. 




'pTOHlim. 



Each pressure on the india-rubber membrane depresses 
it, and the spring gives wny ; tihe air is driven out of the pan, 
and escapes by the tube. When the pressure ceases, the air 

is returned to the instrument by the elasticity of the spring 
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which raises the membrane. Alternate outward and inward 
currents of air are thus established in the tube, and this 
movement tranamita to the registering apparatus the aignala 
of the less or greater pressures exerted on the membrane of 
the small pan. 

The registering instrument is the lever drum, with which 
the reader is already acquainted. It gives an ascending curve 
while the muscle contracts, and a descending one when it is 
relaxed. 

Fig. 94 represents the general arrangement of the experi- 
meat, in which the electric telegraph and the transmission of 
air are used at the saute time. 

It shows a pigeon fitted with a corset, unAer which is 
slipped the instrument which is to show the action of the 
pectoral muscles. The transmitting tube ends in a registering 
apparatus, which writes on a revo-lving cylinder. 

At the extremity of the pigeon's wing is the instrument 
which opens or closes an electric current, as the wing rises 
or ainks. The two wires of the circuit are represented as 
separated from one another ; within the circuit are seen two 
elements of Bunsen's pile, and the electro- magnet which, 
being furnished with a lever, regieters the telegraphic signals 
of the movements of the wing. 

Experiment. — The bird ie set &ee at one extremity of the 
room, the dove-cot in which it is usually kept being placed 
at the opposite end. The bird aa it flies naturally seeks its 
nest in which to rest. During its flight we obtain the tracings 
represented by fig. 95. 

It is seen that the tracings differ according to the kind of 
bird on which the experiment is made. However, we ob- 
serve in each of the tracings the periodical return of the two 
movements a and b, which are produced at each revolution of 
the wing. 

On what do these two muscular acts depend ? It is easy 
to discover that the undulations corresponds with the muscle 
that elevates the wing, and b with that which depresses it. 
This can be proved : first, by collecting, at the same time as 
the muscular tracing, those of tb» ascending and descendiag 
movements of the wing transmitted by electricity. When 
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these two trBcinga ore placed over ettoh other, they show that 
the time of the eleyotion of the wing agrees with the dura- 
tion of the tindiilation a, and the time of its depression coia- 
cides with the uadulatioD b. 

From this we may see how the undulations ct'and b are 
produced in all the niuBcular traj^icgs obtained from birds. 
In fact, close by the portion of the bird's breast on which the 
experiment is made, and uear the projecting edge of the 
sternum, there are two distinct layers of muscle; the more 
superficial one is formed by the large pectoral, the depressor 
of the wing ; the deeper one by the middle pectortd, or ele- 
vator of the wing, whose tendon passes behind the forked 
part of the sternum to attach itself to the head of the 
hum eras. 

These two muscles, being superposed, will act by their 
dilatation on the apparatus applied to them ; the elevator of 
the wing, sweUing as it contracts, gives its signal by the un- 
dulation a ; the great pectoral sisals the depression of the 
wing by the undulation 6. 

We may verify the correctness of this explanation by means 
of a very simple experiment. Anatomy shows us that the 
muscle which elevates the wing is narrow, and only covers the 
depressor itt its most inward part, situated along the ridge 
of the sternum ; so that if we displace the little apparatus 
which shows the movement of the muscles, and remove it a 
little outwards, it will occupy a part where the depressor of 
the wing is not covered by the elevator, and the tracing 
will only present a simple undulation, corresponding with 
b in the curves of fig. 95. It is thus plainly shown that the 
undulations a and b in the muscular tracings of the birds on 
which we have experimented correspond exactly with the 
actions of the principal muscles "which elevate and depress 
the wing ; but we cannot attach great importance to the form 
of the tracings, in order to deduce from them the precise 
nature of the movement perfonned by the muscle. These 
movements seem, in fact, to encroach on each other; so that 
the relaxation of the elevator of the wing is probably not 
completed when the depressor begins to act. 

We expect nothing more front these tracings than that 
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^^^B n'hir}i thev inor« readily ittrnixb ; 

^^^1 namely, tlie number of the irrvolu- 

^S^l lions of the wing:, the greater or lese 

^S^l regularity of these movetneiits, and 

H^H th« (Niuality or inequality of each of 

SH iliem. 

B^^l Confining the question within 

^^^M these limits, experiment nhows that 

^^^H the strokes of the bird's wing diSer 

^^^1 in amplitude and in frequency from 

^^^1 line moment to another as they fly. 

^^^1 ^V~llen they tirst start, the strokee 

^^H nre rather fewer, but much more 

^^^1 en-ergetic ; they reach, after two or 

^^^1 three Htrohoe of the wing, a rbytlitii 

^^H Ell most regular, whii^h thoy loae 

^^^1 again when they ore about to 

^^^1 TRAJtXTOBY or TH£ WINO OI 



We have seen, when treating of 
the mechanism of inseet flight, that 
the fundamental experiment was 
thntwhii'h revealed to us the course 
of the point of the wing throughout 
nruh of itB revolutions. Our know- 
ledge of the mechanism of flight 
natiirnlly flowed, if we may so say, 
from this first potion. 

The same determination is equ) 
ni^eeswiry for the flight of bii 
hut the optical method is nnsultabl 
for tliis piirftose. In fact, the move- 
ment of the bird's wing, although 
loo rapid to be appreciable by the 
eye, is not sufBciently so to fumiak j 
such n persistent impression 
retina as to show itf whole course. 
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The graphic method, with lis tTaDBmisBioii of signals, which 
we have hitherto employed, only fumiaheB the expression of 
movements whioh take place in. a straight line, such as the 
oontraetion or lengtheniug of a muscle, the vertical and hori- 
EOntal oscillations of the body during the act of walking, &c. 
It ia only by combining this rectilinear movement with the 
uniform advance of the smoked surface that receives the 
tracing, that we obtain the expression of the velocity with 
which the movement at each instant is effected. 

The action of the wing during flight does not consist 
merely of alternate elevations and depressions. We have only 
to look at a bird as it flies over our head to aBCertaiu that the 
wing is carried also forward and backward at each stroke. 
From this double action must result a curve which it is B 
aary to describe. 

It can be geometrt cully shown that every plane fij 
that ia to say, every figure susceptible of being described upon 
a plane surface, can be produced by the rectangular combina- 
tion of two rectilinear movementa. The tracings obtained by 
Koenig by arming with a style Wheatatone's vibrating toii 
and the luminous figures of musical chords which Lissajoue 
produced by the reflection of a pencil of light upon two 
mirrors vibrating perpendicularly to each other, are well- 
known examples of the formation of a plane figure by means 
of two rectilinear movementa at right angles to each other. 

Thus, if we can transmit at the same time the movements 
of elevation and depression esecated by the wing of the bird, 
as well as those which the organ makes forwards and back- 
wards ; then, supposing that a tracing point can receive simul- 
taneously the impulse of these two movements at right angles 
to each other, this point will describe on the paper the exact 
tracing of the movements of the bird's wing. 

We have endeavoured first to construct an instrument which 
would thus transmit to a distance any movement whatever, 
and register it on a plane siirface, without attending to the 
method by which this machine, which may be more or less 
heavy, might be adapted to the body of the bird. Fig. 97 
represents our first experimental iustrument, the description 
of which is indispensable in order to enable our readers to 






AMUAI. MECHANISM. 



underHtand the constructioD of the machine which we finaljy 
employ «id. 

On two solid feet carrying verticat eupporta, we placed 
two horizontal arms parallel to each other. These were two 
aluminium levers, which, by means of the apparatus we are 
about to describe, will both execute the same moTementa, 
Each of these levers is mounted on a Cardan joint, that is to 
say, a universal joint which allows every kind of movement ; 
so that each lever can be carried upwards, downwards, to 
the right or the left ; it can describe with its point the base 
of a cone of which the Cardan forma the apex ; in fact it will 
execute any kind of movement which the experimenter may 
please to give it. 

It was requisite to effect the transmission of the more- 
menlfl of one of these levers to the other, and that at a dis- 
tance often or fifteen metres. This is done by a method with 
which the reader is already acquainted- — the employment of 
air- drum 8 and tubes. 

The lever, which in fig. 97 is seen to the left hand, is 
fastened by a vertical melallio wire to the menihraae of a 
drum placed underneath it. In the vertical movements of 
the lever, the membrane of the drum, alternately depressed 
and raised, will produce a current of air, which will be trans- 
mitted by a long air-tube to the membrane of a similar drum 
belouging to the apparatus on the right hand. The second 
drum, placed above the lever which oorrespondB with it, and 
is fastened to it, will faithfully transmit all the vertical 
movements which have been given to drum No. ] (that on 
the left). The motion of the two levers will be in the same 
direotion, on account of the iuTersioii of the position of the 
drums. 

Let US suppose that we lower the lever Nu. 1 ; we oom- 
pteas the membrane of the drum beneath it ; a current of 
air is produced which raises the membrane of the second 
drum, and consequently lowers lever No. 2. On the contrary, 
the elevation of lever No. 1 will produce an inward current of 
air, which will raise the membrane and the lever of No, 2. 

Proceeding in the same manner for the transmission of 
movements in the horizontal plane, we place to the right of 
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one of the levera and to the left of the others, a drum whose 
membrane, situated in the vertioal plane, acts in a lateral 
direction; the transmission of these movements is made by a 
special tube, as in the case of the vertical moyements. 

The apparatus having been thus constructed, if we take in 
our fingers the extremity of one of the leyers, and giye it any 
motion whatever, we shall see the other lever repeat it with 
perfect fidelity. 

All the difference consists in a slight diminution of the am- 
plitude of the movements in the second lever. This is because 
the air contained in each of the systems of tubes and drums 
is slightly compressed, and consequently does not transmit 
completely the movement which it receives. It would be easy 
to remedy this inconvenience, if it were found to be one, by 
giving to the receiving apparatus a greater sensibility, which 
might be effected by placing the Cardan joint ^ little nearer 
the point where the movement is transmitted to the lever of 
the second instrument. But it is better not to seek to amplify 
the movements too much when we wish to register them by 
tracings, since we then augment the friction, and diminish the 
force by which it must be overcome. 

After having ascertained that the transmission of any move- 
ment whatever is effected in a satisfactory manner by this ap- 
paratus, we sought for a means of tracing this movement on a 
plane surface. The difficulty which occurred in the application 
of the graphic method to the study of the movement of the 
insect's wing, again presents itself here ; but in this case there 
are no means of avoiding it by taking only partial tracings. 

The point of the lever No. 2 describes in space a spherical 
figure incapable of becoming tangential, except in a single 
point, to the smoked surface which is to receive the tracing. 
Consequently, it has been necessary to register the projection 
of this figure on a plane surface, and to arrange the lever in 
such a manner that it may lengthen or shorten itself as re- 
quired, in order to keep always in contact with the smoked 
glass. This result was obtained by means of a spring which 
served as a writing point. 

Fig. 98 shows the spring in question, at the extremity of a 
lever. It is wide at the base, in order to resist any tendency 
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to lateral deviationa under the influence of the friction ; thin 
base is fixed to a vertical piece of aluminium, which Ib 
attached by its lower part to the extremity of the lever. In 
this manner, the point of the spring which acta as a style ia 
(Mnsiderably in front of the lever whose movements it is to 
regiHt«r. Let us suppose the lever to rise, and take the 
position indicated by the dotted line in figure 98 ; while 
traversing this apace, it will have described an arc of a circle, 
and its exfremity will no longer be in the same plane as before, 
but the elasticity of the spring will have carried the writing 
point more forward ; it will still continue, therefore, to be 
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in contact with the plane on which it is to trace. Thus the 
lever lengthens or shortens, as required, and its point 
always presses on the plane. The surface on which the tracing 
ia received is a well-polished glass, and the spring which 
forms the style is so flexible, that the elastic pressure which it 
exerts upon the glass rubs it but slightly. 

The apparatus being thus arranged, it must be submitted 
to a -veriiying process, to ascertain if movements are faithfully 
transmitted and registered. 

For this purpose, arming the two levers of fig. 97 with 
similar styles, we placed their points against the same pieoe 
of smoked glass; we directed with the hand one of the levers 
so as to trace any figure, to sign one's name for instance ; the 
other lever ought to trace the same figure, to reproduce the 
same signature. 
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It gfenemlly happens that the traasiniesioti is not equally 
easy in both directione ; we perceive a alig-ht deformity in the 
transmiltod figure, which ifi lengthened more or loss both in 
height and in width. This fault can alwaya be corrected ; it 
uriftea from the fact, tliat the membrane of one of the drums, 
being more atretched than that of the other, obeys lees easily. 
We soon succeed, by various trials, in giving the same seosi- 
bili^ to the two membraiieii, which is ascortaitied, when we 
find that the figure traced by the first lever is identical with 
that of the second. 

Kseparimtnt to dtUrinint graphieally the trajtctfiry of th« wing. 
—The following are the modificutious which allow iis to apply 
this mode of trnnamiesion to the study of the movements of 
the wing of a flying bird. 

As the apparatus must neceasarily be of considerable weight, 
we chose a large bird to carry it ; strong full-grown buzzards 
were employed in these experiments. By means of a kind of 
corset which left both the winga and the legs at liberty, we fised 
on the bock of the bird a thin piece of light wood on which 
the apparatus was placed. 

In order that the lever might execute faithfully the same 
movements as the wing, it was necessary to place the Cardui 
joint of this lever in contact with the humeral srtioulatioQ of 
the buzzaril. Therefore, as the presence of the drums by the 
aide of the lever did not permit this immediate contact, we 
had recourse to a parallelogram, which transmitted to the lever 
of the apparatus the movements of a long rod, the centre of 
motion in which was very near the articulation of the bird's 
wing. Then, in order to obtain perfect correspondence be- 
tween the movements of the rod and those of the buzzard's 
wing, we fixed on the outer edge of the wing — that is to say, 
on the metacarpal bone of the thumb of tlie bird, a very Light 
screw clip, furnished with a ring, through which slipped the 
steel rod. of which we have before spoken. 

Fig. S9 represents the liuzzord flyiug with the apparatus 
just described ; underneath it hang the two transmitting tubes 
which are fixed to the registering instrument. 

After a great many fruitless attempts and changes in the 
of the apparatus, which; being too fragile, broke 
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ftt Klmoet eveiy flif(ht of the bird, we mux^eetled in ohtainin^ 
Mtintactory resulu. Duriog tlie whole of the bird's flight Uk 
ngistering lever descrit>Ml a kirnl 
of ellipse. This ellipse, registered 
(111 A j>la(e liaving an advaiidng 
mfiTement from right to left, g 
tigiire 1 00. In order to imd) 
ntsud thiBfigure, wnmii't iniaf 
di.- tiinl flying from left to r 

' !!■• ostreiiiitj' of M 
I t. nn-all Uackoof 

''' - . Lliti tracing vrid 

iu witig would leavu under tT 
t'ouditiuns would be identiuAlv 
tiiiit represented 
I hi. '-iirre ie a. kind of eUipJ 
■ipri'ad out by the atlvnticitig n 
liou of the plate which receiifl 
tlie trAH'ing;. Except s> 
tilings of the line, wliich i 
from the imperfection 
np|>untiis, the trajectory of tl»T 
bird's wing may be compared to 
the tracing given under tlie same 
ootiditiona by a WheatAtoue's rod, 
tuii^d in unison, and giving an 
pllipticnl vibration. 

yig. 101 repreHenta a tracing 
of this kind. 

Tbedetenuinationof tbeoouree 
of the wing, with the different 
jihases of its velocity, is so im- 
IHirtant, that we resolved to verify 
by various methods the reality 
oi this elliptical form. Alio 
periments have furnished r 
whi(,h agree with each other; they have shown that birds o 
ffcrent species dewrilie with their wings an elliptical trajec 
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D'Esterno had already determined by hia experiments that 
this trajectory existed ; and he has even figured, in his n'ork, 
the curve described ; but, in his opinion, the larger axis of 
the ellipse would be directed dowDwaids and backwards, which 
is entirely opposed to the result of our experimenta. 




We remark also the unequal amplitude of the strokes of 
the wing from the commencement to the end of fig. 100. 
This variation in size agrees with what we have already 
stated conceraiug fig. 9C. This showed that at the com- 
mencement of its flight, the bird gives stronger strokes with 
its wing. It is at that moment, in fact, that it has to effect 
the maximum of work, in order to rise from the ground. 
After this, it will only need to remain at the height which it 
has attained. 





CHAPTER V. 

OF THK CHANOM IN THE PLANK OF THE RIIID'S WING AT 
UlFFEltENT POINI-S IN ITS GOUHSl'L 

New dBMrmiuatton of tha trnjeotorjof Cliewmg— Description of appanlti» 
— Truianiiiaiion if *. muraintnt b; the trautioQ of a thread luitru- 
mvnt itoil ip[>itratui) lo luapend the hird— Eiperini?iit on tho Hight nl 
a pigBou — Analysi* of iha cnms— DotKiriplian of the spi>ariiiii« 
inteadeil to gire indioutiuim of thu changss in Iha plans of th« wing 
duriug Highl— Rslstiuu of lliusu cUoDgea of plane with the 
[a of the wing. 
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The aimultiineous analysis of the changes in the plane of 
the wing, and of the vnriouB phoaes of itii course, would have 
preeeiited great difflcullies, if we Lad not discovered a new 
arratigemeut of the apparatus, whicli allowed us to examine, 
at the saiae time, an almost inliiiite number of different 
move 1 11 en te. 

This simplificalion of the method oousists in the employ- 
ment of threads to transmit the movement of any point 
whatever to the expRrimental apparatus, wLich in its turn, 
sends it by the ordinary means to the registering instrunient. 

Vacriptiuti of npparatut. — Let fig. 102 be two lever-drums 
connected together, similar to those already represented in 
fig- 21. 

The lever L belongs to the experimental apparatus, that on 
which the movement to be studied is to act. On the frame 
of this first instrument let us place an arm of bent wir*, ftom 
the extremity of which an india-rubber thread, F, will pass to 
the lever L. From the same lever hanga a cord of twisted 
silk, C C, to which ia suspended a leaden boll. 

Let us suppose the ball to be at its lowest position — at 
the point A — the lever L occupies the place marked by a 
line, while in the registering instrument the ai 
niit'es the lever L', which traces tlie movement. 
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B ball to the position B ; -the elasticity 
' of the india-rubber thread will cause the lever to rise. Thus 
it ia acted upon alteruately by two forces, Bometimes by ihe 
traction exerted by the silk thread, which lowers it ; at others, 
by the retraction of the india-rubber, which re-acts as soon as 
'the tractile force ceases. Thua the lever will follow faithfully 
all the movements which are given to the extremity of the 
thread which draws it down. 




The lever L', which is to trace on the cylinder the move- 
ments transmitted to it, moTes ia an opposite direction to the 
course of the cord C C. The tracing will thus be reversed, 
and if it were important to obtain it in the same direction, it 
would be necessary to turn the registering drum, so aa to place 
the membrane downwards.* 

With two instruments of this kind, one acted npon by the 



• As many instraments of this kiud sra requirud as there are tnove- 
nents to be studied. But tliraa connected levers will always be snfficient 
a aacertain the movcmenta of a point in ai«ce, aince each of the posi- 
tions of this point is defined when it Iins been detvnnined with reference 
n tliree nxea at rijilit aii)(IeH to each other. 
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vertical tractions of a thread attached to the wing of the bird, 
and the other by the horizontal tractile force of .a second 
thread also fastened to its wing, we can verify the experiment 
which has fiirnished us with the trajectory of this organ, and 
obtain with much greater accuracy the curve illustrating xts^ 
movements. This we have perfectly succeeded in doing, as 
we shall show further on. 

But this is not all thai we wished to obtain. We might 
have made the bird cany the apparatus which we have just 
described, and put it in communication with the registers by 
means of tubes, as in the exi)eriment represented in fig. 99. 
But while seeking to render the analogies of the movements 
of flight perfect, we wished also to discover a plan which 
would be equally applicable to the living bird, and to every 
kind of machine intended to represent artificially aerial loco- 
motion. 

In this project we must endeavour to copy Nature in her 
functions, as the ^artist does in her form. We must give more 
rapidity to movements which are too slow, and render those 
slower which are too rapid, until tl^y have absolutely the same 
characters and the same mechanical effects as those of the 
bird. 

This incessant comparison requires us to place ourselves 
under new conditions. Hitherto, our analytical studies have 
been directed to a bird flying at liberty ; for since we have 
never been able to imitate flight exactly by mechanical 
methods, it would be impossible to leave an artificial instru- 
ment to itself; it would be broken at each experiment. 

The comparison of the movements of the bird with those 
of imitative instruments does not require these movements to 
be effected imder the conditions of free flight. Provided that 
the bird, although restrained in its movements, should flap 
its wings with the intention of flying, we shall be able to 
study these muscular actions with reference to their characters 
of force, extent, and duration. A bird suspended by a cord 
and allowed to flap its wings might, for example, be com- 
pared with an artificial apparatus suspended in the same 
manner. 

We have tried a less imperfect mode of suspension whicli 
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allows the bird to flj under coaditioDS almost normal, and 
at the Bume time will permit the artificial inHtriimests to make 
attempts at flight, without any fear of letting them full, if 
the movements which thej produce should be insufficient to 
sustain them in the air. We will now describe this auapen- 
Bory apparatus. 

There is a sort of &ame-work of sis or seven metres in 
diameter, in whioh the bird moras continuously, being thus 
able to furnish us with an observation of a circular Sight of 
long duration. We give the instrument a large radius, that 
its curve, being leas abrupt, should modify less the nature of 
the movement which the bird may make. Harnessed to some 
extant to the extremity of a long arm whioh turns on a central 
pivot, the bird ought to be as free as possible to go through 
its movements of vertical oscillation. We shall presently see 
that a bird passes through a double oscillatory movement in 
a vertical plane for each revolution of its winga. 

Arrangement of the frame. — The conditions to be fulfilled are 
the following : in the first place, a great mobility of the 
instrument, that the bird may have the least possible resist- 
ance to overcome in ite flight ; then, a perfect rigidity of the 
arm of the machine, to prevent any vibrations peculiar to 
itself, which might render unnatural the movements executed 
by the bird. 

Fig. 103 shows the general arrangement of the apparatus. 
A steel pivot, resting on a solidly-cast socket of great weight, 
is placed on the platform of a photographic table. This table 
ia raised by means of rack-work, bo that the operator, after 
having arranged bis apparatus so as to suit the experiment, 
may place the platform sufficiently high for the instrument to 
turn freely above his head. 

The frame- work, properly eo called, is a bow formed of a 
long piece of fir-wood slightly curved. The string of this 
bow is an iron wire, which is fixed by the middle to a cage 
of wood traversed by the central pivot. Care is taken to 
balance the two ends of the apparatus, by gradually adding 
weights to the arm not carrying the bird which is the subject 
of the experiment. 

If we did not take this precaution, the apparatus, as it 
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turns, n'ould give lateral movements to the pivot on which it 
rests, and to the base itself. 

To furnish the bird with a solid point of euapension, pro- 
tected not only from vertical oscillations, but from move- 
^6ntB of torsion, we have placed at each end of the instrument 
a crosB piece of wood, to the two extremities of which are 
attached cords communicating with the ceiling of the room. 
At this point is a revolving hook, which tiiros freely with the 
machine. 

0/ the apparatus ichich suspends Ike bird.^-Fig. 104 shows 
the details of this auspension which binds the bird to the arm 
of the instrument, while it confines aa little as possible the 
liberty of its movements. 

Of ike regiitering ayipnratm. — The transmitting tubes are 
arranged along the arm of the inetrument ; they are fastened 
to it throughout all its length, and end in a register which 
carries three lever-drums tracing on the revolving cylinder. 
The instrument in its rotation would cause the transmitting 
tubes to roll round its axis, if the register to whicli they are 
directed did not participate in the general rotation. 

We see in fig. 103 how this apparatus is arranged, llie 
cylinder is placed vertically above the axis of the instrument ; 
the three levers trace upon it. The whole apparatus rests 
on a tablet, which turns oc the central pivot. We hove here 
well-known arrangements, in which several movements are 
registered at the same time on the cylinder ; it will, there- 
fore, be useless to repeat the precautions which are to be 
taken in the management of the apparatus, such as the exact 
superposition of the tracing points, &c. 

The movements of the wing are extremely rapid ; they can 
be registered only on a cylinder turning with great velocity ; 
that which is employed in this experiment mokes one revolu- 
tion in a second and a half. The shortness of the time at 
our disposal to trace the movements of the bird compel ua to 
do so only at the precise moment when the phenomena which 
we wish to observe are presented, whether it be the swiftest 
flight, the gradual slackening of its speed, or the efforts 
made at starting. If the three levers weje to rub constantly 
on the n'jlindei-, we should soon have notliing but a confuBed 
la 



scrawl. It is indispensably necesaaiy so to arrange tlie 
inHtrnment that the points of the levers should touch, the 
cylinder only at the moment when we wish to register the 
phenomena, and to cease this contact after one, or at most 
two Tevolutions of the cylinder, in order to avoid conAision in 
the tracings. 

We have recourse, for this purpose, to the arrangements 
already made in our experiments upon walking. 

Fig. 103 shows the experimenter at the instant when he 
is about to take a tracing from the pigeon. Observing the 
flight of the bird, he seizes the moment when it becomes 
regular, and squeezes the india-ruhber ball. The contact of 
the levers is immediately produced, and the tracing is made. 
After a second and a hiilf he cesses to press it, the spring 
removes the levers from the cylinder, and the tracing is over. 

"With a little practice it is very easy to ascertain the dura- 
tion of the revolution of the cylinder, and to confine the 
tracing to the necessary length. 

This long description was necessary, as we were anxious 
to make this apparatus understood, it being the most im- 
portant of all, on account of its double function. We shall 
have to employ it, not only in the analytical, but also in the 
synthetical part of these studies, when, we shall attempt to 
represent the movements in the bird's flight. 

New determination of the trajectory of a bird's jcin^.— A 
pigeon was made use of in this experiment. It was a male 
bird of the variety called the Roman pigeon, very vigorous, 
and accustomed to fly.* Fig. 104 shows the arrangement of 
the apparatus which we have used for the purpose of study- 
ing its movements. 

It is more especially to the humerus that we have directed 
our attention, in order to obtain the movements of the wing in 
space. For this purpose a wire is twisted round the bone, 
holding it OS in a ring, and furnishing by its free ends a firm 
point of attachment outside the wing for other wires wliich 
act on the experimental drums. 

* This latter point is of great importanea, for tho ({reater part of the 
birds ill a duvo-uot are of uo usb Ui as, ou account of their inexperience in 
Hight. 
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(fig. 102) how tbe lover i 

uoder these condiUon«, nil tjw 
and depresaiou ozecutod bj tlu 



The movementa of tlie two wings being; perTectlj ajmia^ 
tricai in regular flight, we cause two wires, which p«M a^- 
metricolly from the wiaga, to converge to each of the catpcri' 
mental druma. Thua, drum N^. 1, intended to g:ive mgaait 
of the elevation and depresnion of the wing-, reoetva* two 
wires, each of which proceeds frum one of the humertu baau 
of the pigeon, at about 3 centimetres outside the artioulaliw 
of tlie nbouldiir. The«e wires riee and convergo, Mid tR 
attached to the point of the lever No. 1 ; while { 
same point proceeds an india-rubber thread,* 
B oounter-epnng, and rises verticallj' to a book i 
holds it. 

We have before i 
experimental drum i 
nwvements of elevntio 
humerus of tlie bird. 

Two other wires, eiu;h attached to the humerus of tlu 
pigeon on each wiiig. aud etartiog from the same point of As 
bone to wbiuh were fastened the wires of drum No. I, eoo- 
verge also, turning backwards, aud proceed to the lomr of 
drum Nri. 2. This is the drum which receives the movementi 
executed by the wing iu the autero-posterior direction. The 
two druuis send their signals by air tubes to the r«g>i»(er 
situated in the centre of the apparatus. 

Exptrimtnt. — After having ascertained that the two leven 
intended to trace have their points situated oh the same 
vertical, the pigeon is allowed to fly. The bird goes through 
the movements of flight, and soon carries round with con- 
siderable rapidity the instrument to which it is attached. 
The operator, placed in the centre of the apparatus, has only 
to follow for a few paces die rotation of the instrument. 
During this time he holds in bis hand the india-rubber ball, 
and has only to crimprees it, in order that the two levers may 
rest with their points against the blackened paper, and that 
tbe tracing moy commence. As soon as the £.i^ht is well 
established, and seems to be carried on under satisfactory 

* 111 Bk. 104 a spir siiriiig has been nubalituted for this iiidm-mbbw 
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conditioaB, he compresses the ball, and produces the tracing; 

represented in fig. 105. 




H^, Uu 



Interpretation of the tracings. — The curves are read from left 
to right, like ordinary writing. The upper curve ia that 
described by the humerus of a bird in its movementa for- 
wards and backwards ; the direction of these movemeDts is 
indicated by the letters A and P, which signify that all the 
tops of the curves, as well as that at A, correspond with the 
time when the wing has reached the most forward part of its 
course ; the lower parts of the curves, on the contrary, indicate, 
as well OS that at the point P, the moment when the wing 
has reached the hinder part of its movement. 

The horizontal line which outs this curve has been traced 
in a previous experiment by the point of the lever at the 
instant when ttie wings of the bird, kept motionless by an 
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aasiBtEint, may Ini euuHidemd ils liuriifuiitiiUy extouJed, t«uJiug 
neither forwards nor baukwurdB. Thin liuu rej>re8ente, there- 
fore, to some extent, tlie zero of the scale of the movementa 
of the wing in its an tero -posterior direction. The inspection 
of the curve shows ua ulao, thiit the pigeon's wing waa carried 
mure especially in tlie dirBction of the upper parts, similar to 
tlio point A ; in other teruiB, that the forward predominated 
over the haukward movement. 



■ni 




■Ml 


1 


in 


MKffliiairiB 


BasHiira 


iS 


■SI 


ii 


nl^HSSu 


IH 






The same explanations wonid apply to the lover curve 
H P, which expresses the movements of the nlng upwards 

and downwards. 

In order to ascertain if the conrse of the pigeon's wing in 
the present experiment ia apparently the same as that of the 
buzzard recorded before, we have constructed the complete 
curve of the wing during one of its revolutions, making use 
for this purpose of the two partial curves of fig. 1 05. 

The following is the method employed Jn this constnictioQ : 

In order to give more facility to t!ie measurement of the 

'positions of the different points of these curves, we have 

copied them both on a paper griiUuat'.'d in ceutimotres and 



^tJTS OF THE WINGS OF BIRDS. 255 

Tnilliinetree. We have traced in full line one of these curveB, 
that of the movemente in the entero -posterior direction, the 
oourse of which is indicuted by the letters A and 1' ; tlien we 
liave represeuted, by a dotted line, the curve of the upward 
and downward niotionn with the letters H and B. We have 
placed these two tracings over eiich other, so as to make the 
zero-linea of each coincide. We have also taken care to 
preserve the verticHl BUi>erpoaitioQ of the fiorresponding itoints 
of each of these curves ; we may therefore be L-ertain that, 
wherever any vertical line cuts the two curves, the inter- 
sections correspond with tlie position which the humerus of 
the bird occupies, at that instant, with reference to two planes 
at right angles to each other. The intersection with the dotted 
line will Bxpress, by the length of tlie ordinate drawn from 
this point to the axis of the abseifcsa?, the position which the 
wing then occupies with reference to an horizontal plane ; the 
intersection with tlie full line will express the position of the 
wing as referred to a vertical plane. 

This determination is realised in fig, 107 for the trajectory 
of the wing, which has been constructed by sueeeEHive pointa 
in Che follow" 
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Let there be two liut^s, j; x. forming the axia of th( 
abscieACQ, and y y that of the onlinates. Let us assume, 
all whioh is abuve the line of sorut, in the full curve — that i» 
to Buy, that which coirespoadB with a movement ia a forwant 
direotion, ought to point to the right of the line y y. In. 
veraely, that aJI whioh ia below the zeroa, in the full cur^e, 
will point to the left of the asis of y y. The position with 
reference to this axis will be reokoued, parallel to It, br 
means of milUmetrio divisions. 

On the other hand, the different measurementa taken on 
the dotted curve (that whioh expi'sases the upward motion of 
the wing) must point to the corresponding elevation, reckoned 
above or below the line k a, according as these pointa in the 
curve of the elevations are removed a certain number of 
milltmetreB either above or below tlie zero line. 

Iiet ua take aa our point of departure, in the construction 
of the new curve, the point (fig. 107), ohosen on the dotted 
line, at one of the times when the wing has arrived at one of 
its anterior liinits. 

This point, accordiog to the milUmetric eoale, shows ua 
that the wing is depressed 13 divisions beneuth the horizontul 
line. Let uh follow the vertical line whioh passes through 
the point e, till it meets with the curve of movement in &e 
an tero -posterior direction : the intersection of this vertical 
line with the cui-ve shows us that the wing at this moment 
bad been carried forward 26 divisions ; on the now curve, 
therefore, the point a ought to be marked at a well- ascertained 
position d, which will be found at the intersection of the thir- 
teenth diviHion below the axis asai, with the twenty-sixth to the 
right of the axis y % which accordiug to what we have as- 
sumed, corresponds with 26 divisions in the forward direotion. 

To determine a second poiut in our curve, let us proceed, 
in reading the tracings, one milUmetric division farther to 
the right ; we shall find, as before, the intersection of the 
vertical at this poiut with the two curves, and wo shall thus 
have a second point in the new construction determined. 

The series of succeHsive points obtained in this manner 
form a curve whioh shows the course of the wing; the arrow 
indicates the direction of the movement. 
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By constructiiig thus the whole figure, we see that this 
curve, after proceeding downwards and forwanb, rises and 
returns back again. 

By comparing this figure with that which we have obtained 
by means of another apparatus (fig. 100), on another kind of 
bird, and by examining the movement of another part of the 
wing, we shall find Btrikiikg resemblances between the two 
curves, which show that birds proceed in their fiig-ht by 
movements which are almost identical. In fact, the bone of 
the wing in each describes akiud of irregular ellipse, with 
its greater sjcis inclined downward and forward. The ini' 
pOTtance of this determiDation is so great, that we trust we 
shall be pardoned for the loug and minute details of the 
experiments which have furnished these results. 

OF THE CHANOEB IN THE PLANE OF THE WINQ. 

We have seen in Chapter I. that the wing- of the insect is 
subject to torsions under the influence of the resistance of the 
air, and that the inclination of the plane of its wing is 
changed at every moment. These movements, which are 
entirely passive, constitute the essence of the mechanism of the 
insect's flight ; ihe wing, in each of its alternate movements, 
acts on the resistance of the air, and gains from it a force 
which is exerted on the membrane by the side of the main- 
rib, thus serving to sustain the insect and propel it forward. 
The structure of the bird's wing does not allow the existence 
of a similar mechanism. Its wing during its ascent does not 
present to the air a resisting plane, because the feathers which 
fold over each other would open to allow it to pass through. 
The depression of the wing is therefore the only phase in the 
flight of the bird which has any analogy with that of the 
insect. Besides, the curve described by the point of the bird's 
wing is sufficiently different &om that of the insect, to prove 
that their mechanical conditions are very dissimilar. 

It was indispensable to determine by experiment the dif- 
ferent inclinations of the plane of the bird's wing at each 
phase of its revolutions. In fact, to estimate the resistance 
which the air presents at each moment of the flight, we must 
know the two elements of this resistance : first, the angle 
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under whiih the plana of the wio^ BtHkea the air, aixl 
secondly, the velocily with which it is lowered. Nothing it 
more easy thaa to obtain the second data of the profalem; 
we can reduce them from the turre which repreaenls the 
wBition of the wing at each inBtaat, a curve of which we 
iav« an example in fig. il)H, a.^ obtained from a pigeon. Bui 
the difficulty which presenta itaelf, is to obtain the indicatioD 
of the changes which take place in the plane of the winj; 
during flight. For this purpose we havo had recourse to tho 
itllowing mechanism. 

We lijire seen, in fig. 9il, tliflt a rod connected with a 
(Jardan universal joint, whose centre of rotation is near it* 

curatoly the circular movements of ihfl wing. But Cardon'l 
ioiut, though it oljeye tlie rotary motions of every kind which 
are given to the rod, does not allow any movements of toraiou 
with referent* to the axis of this rod. 

Let fig, HIS be a kind of apparatus of thia sort: we can 
give the rod ( ( every kind of motion in the vertical or hori- 
zontal direction; it will fi>llow all the impulses which it 
receives. But if we take hold of the extrBinity of the rod, 
near the lever I which is perpendicular to it, and try to give 
the lever a movement of torsion, as if we were turning a screw, 
the Cardan does not alio w this movement tn be made, and the 
rod resiata the impulse brought to bear upon it Let us 
suppose that behind the Cardan joint, and on the prolonga- 
tion of the rod ( (, there is another cylindrical rod, p, turning 
in a tulie ; this rod will turn under the influence of the torsion 
exercised by the hand holding the lever I, and if the rod p 
carries a lever I', at right angles to it, and situated in the 



same place aa I, we Khali see that these levers correspond 
with each other, and that every chaoge of plane undergone by 
the first will be transmitted to the second. 

Under these conditions, if we cause the lever I to signal the 
changes of plane which the wing undergoes in the various 
phases of its revolution, these changea will be communicated 
to the lever f , which can in its turn act on an experimental 
apparatus, aad transmit the signal under the form of a 
tracing. This is precisely the method which we have em- 
ployed in our experiments. The lever I was placed upon the 
wing of the bird, and was held in a horizontal position. 
The lever I', also horizontal, was' fastened by a wire to the 
lever of an experimental drum placed above it, and arranged 
in the same manner as in the experiments described in the 
former chapter. 

When we caused the plane of the wing to oscillate, so as 
to turn its upper surface more or less backwards, the registered 
curve was depressed ; it rose, on the contrary, when we turned 
the wing so as to carry its upper surface forwards. 

Still a difBcully presented itself. It was not possible to fix 
the lever I at one point of the rod t t ; and, at the same time, 
to render it immovable at a single point in the bird's wing. 
In fact, the Cardan joint, not having the same centre of motion 
as the articulation of the wing, it followed that iu the vertical 
movemeut« the rod slipped upon the wing. It waa necessary, 
therefore, for the lever (, while fixed to the feathers of the 
bird, to glide freely on the rod in the direction of its length, 
and yet that it should cause it to receive, under the form of 
torsion, all the changes of inclinalion that are transmitted to 
it by the wings of the bird. We see in fig. 109 how this 
result has been obtained. 

Let 1 1 be the rod which is to follow all the circular move- 
meote executed by the bird. This rod has in it deep 
longitudinal grooves, which give its section the appearance of 
a star ; it glides freely in a tube which is applied to its 
external surface. But at one of the extremities of the tube is 
a metallic sliding casting, the interior part of which is grooved 
like a star, through which passes the rod whose grooves slide 
in those of the star-ahaped opening. Then the lever / is 
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•oldered to this tiil«, and is able to move with it to any point 
nlong the rod, thus allomug full lit>eity to the tnoTemeots uf 
flight, while no cbangu of place e&n be Alleat«d without com- 
muuicaliug a moveiueat of torsion to the rod. 

After Bome eiporiments, it becamp neoeasary to make im- 
provements ia this apparatus. 'I'huB, the lever t had a tAndem^ 
to g?t twistod im nc-vouut of the dlBplacoment of the feathers 
during flight i it wtis replaced (6g, 1 09) by a piece with three 




lis Bii|»nlii* Intinded lo cnpaiUnsiit 

movable levers, h b b, turning in tlie same plane round a 
common centre, like tlie blades of a fun. Eiieh of these little 
branches terminated iu a hook. After having attached the 
sliding tiilte to the /uli« wiii/i of the bird, the oxtremiQ' of 
each of these three blades waa tied to one of the long feathers 
of the wing. This ligature, made with india-rubber, gave 
excellent results. 

The lever I (fig. 109) was also defei:ttve on account of its 
unequal action. In its stead was substituted a pulley of short 
radius, placed on the rod prolonged behind the Cardau joint. 
^t 51» thin cord rr, which was to transmit the torsions of the rod, 
1 round the wheel of this pulley. In this manner the 
rotation of the pulley, resulting &om the torsion of the rod, 
always faithfully transmitted this torsion lo the exDerimental 

To put an end to this long description of the instrument 
intended to transmit the signals of the elevation and depresaiou 
f the wing, let us only say that the piece situated at the baael 
of ihe lever ( ( is intended to transmit the vertical anil 
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horismntal movementB by two ayatema of rords. For the 
vertical ones, a cord v goes to the lever of the experimental 
drum. The cord k tranemits to another apparatus the 
movementa in the horizontal, that is, in the antero-posterior 
direction. 

Experimint. — A buzzard to which this apparatus has been 
adapted is bameBsed to the instrument and allowed to fly : we 
obtain at the same time the three curves represented in 
fig. 110. With these three data, wecanconBtruct, not only the 
trajectory of the wing, but the series of inclinations of its plane 
at the different pointa of its course. 

The curve traced with a f«ll line corresponds with the 
movements of the wing in an antero -posterior direction. The 
point A, and those homologous with it, correspond with the 
extreme anterior poaition of the wing ; the point P with the 
extreme posterior position. The curve formed of interrupted 
atrokes indicates the relative height of the wing in space ; the 
point H correspondB with the masimum elevation of the wing, 
and the point B with its greatest depresBion. 

Theae two first curves enable ub to construct, by means of 
points, the closed curve* {fig. Ill) representing the trajectory 
of the buzzard's wing. It is by this trajectory that we shall 
detennine the inclination of the plane of the wing at every 
part of its elliptical course. 

For this purpose, we must return (fig. 110) to the dotted 
curve S, which is the expression of the torsiona of the wiogat 
different instants. The positive and negative ordinat«B of this 
curve correspond with the trigonometrical tangents of the 
angles']- which the wing makes with the axis of the body.f 

* This curve ia not alwayi cloaed ; this a Gte oue onJy vhen the flight 
la extremely regular. 

+ We must Bubtraot algebraically from the angle found, a coDetont 
qniiitity, iJia ongla of 80° which the wing, during repoaB, makea with the 
horiion. 

4: We cannot positively alBim that thin axis is horizontal ; it Eeems 
rather that it is inclined so that the benk of the bird tuma alightly 
upwarda. Thia inclination of the azis would necessitate a correctiou in 
the ahaoluts incliuationH of the wing at the different points of its 
lerolntion. 
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They enable ub, therefore, to trace in fig. Ilia aerieB of 
lines, each of which expreeeoB, b; its inclination with respect 




to the horizontal axis, that which the plane of the wing 
presented to the horizon at this same portion of its oonise. 
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The direction of the movement of the wing ia read from above 
and forward, from H to Av. 

Fig. 1 1 1 shows that the wing during its ascent aBsumes 
an inclined position which allows it to cut the air so as to 
meet with the minimum of resiBtanco ; while in itfi descent, 
on the contrary, the position of its plane is reversed, so that 
ils lower surfuce turns downwards and slightly backwards. 
It follows, that in its period of depression, the wing, by its 
obliquity, arts upon the resistance of the air, and while raising 
the body of the bird, carries it forward. We see, aiso, that 


b 


P 


h| 


i 


■ 


mm 


Fie. 111.— InuliuaCJuii!) of tbe iilnnii of tho wing nltli retemiice t" tbe ania 
(Av) of iLe liudj duriiiH fllghL 

phases of its elevation and of its descent. Especially in this 
latter phase, the iniluence of the air in shaping the course of 
the wing i» more evidently seen ; it is, in fact, at the moment 
when the rapidity of its depression attains ils maximum that 
wBseetheposterior edge ofthe wing turn up the more strongly. 

The wing, when it has reached the end of its descending 
course, changes its plane very suddenly. The explanation of 
this movement is very natural. As soon as the resistance of 
the air ceases to raise the feathers, these, by their elasticity, 
return to their ordinary position, which they occupy during all 
the phase of elevation. 

Even the ellipse which forms the trajectory of the wing can 
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pUinod by the reaietasoe of the kit. The muscnlu 
Apparatus of the bird, like that «f the iiueot, hoa nothing to 
do with the coutae of the wing ; eleratioD and depreaaion ore 
almost all the movements that it can produce. But the 
teaietance of the air during the phase of descent gives ris< 
the aatcriur oonvexitj of the ouire paaaed throogh, by means 
of a mechaniam which we already understand. The posterior 
oonvexit; which belongs to the aaoensioQal phase is alao 
explained by the action of the air on the lower aurface of the 
wing, which it carries backward at the same time as it ra 
it. We must seek for the demonstratioa of thia theory in 
artificial repreaenUtion of these different moTemealA. 



CHAPTER VI. 



j throuj 

^^B flxper: 



Re.actioni of thi moTdmcDtc of the wing— Vsrticoi re-aatioo* in dilfeicnt 
apMiMi borusoDtal rc-actiana or chtngea in tfae rapidity of flight; 
BimultADeDiu atudj of the two otden of re-atitions— TLeoty of tha 
flight of the bird — Passiva and ai:tive parts of the wing — Reprodac 
tisu of the meuhanislu of the flight of the bird. 

In order that we may follow, in studying the flight of the 
bird, the same plan which haa guided our reaearchea on the 
other kinds of locomotioQ, we must determine what are I 
reactionary effects of each of the movements of tjie wing on 
the body of the animal. 

Two distinct effects are produced during flight : by one, the 
bird is sustained in opposition to its weight; by the other, it 
is subjected to a propulsive force which carries it tram one 
place to another. But do we find that the bird, when sus- 
tained in the air, keeps at a constant level, or does it pass 
through oscillations in the vertical plane ? Does it not 
experience, by the intermittent effect of the flapping of its 
wings, rising und falling motions, of which the eye can detect 
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neither the frequency nor the extfliit ? Again, does not the bird 
advance in its onward course with variable rapidity ? Shall 
we not find in the action of its wings a series of impulsee, 
which give to its advancing course a jerking motion ? 

These queries can be answered esperimentally in the foDow- 



Since we have at onr disposal the means of sending the 
signals of movements to a distance, and recording them by 
tracings, when these movements are made to produce a pres- 
sure on the membrane of a drum filled with air, we must 
endeavour to reduce to a pressure of this kind the movements 
which we desire to study. 

The oficillatious which can be effected by the bird in a hori- 
zontal plane must be made to exert on the membraoe of the 
drum pressures alternately strong or feeble, iu proportion as the 
bird mounts or descends, The same kind of experiment must 
be made on the variatioQs in its horizontal rapidity. 

The question has been already solved for the vertical 
re-actions, by means of the apparatus represented in fig. 2S, 
when we were treating of terreetrial locomotion ; a alight 
modification will allow us to employ the same method to 
ascertain whether vertical oscillations are produced during 
flight. 
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Fig. 112 shows the arrangement that we have adopted. 
The mass of lead ia applied directly to the membrane ; some 
wii'e-work protects the upper surface of the apparatus from 
the friction of the feathers of the bird, which, without this 
precaution, might aometimea afleftt the form of the tracing. 
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■After having conviuted ourselves that the apparatus truna 
btits faithfully the moveiuents which are commuuicated to it, 
we connect it with the registering instrumeDt by means of a 
long tuba, and place it on the back of a bird, which is then 
allowed to Qy. Expeximents made on m»ny different species, 
pigeons, wild duoks, buzKards, moot-bu Mania, screech owls, 
have shown that tbere are very varied types of flight with 
respect to the intensity of the uscillations in the vertical 
pl.ne. 

Fig. 113 shows the tracings furnished by different species 
of birds, AH these tracings, collected on a cylinder revolving 
wilh a constant rapidity, and referred to a chronographic 
tuning-fork vibrating 60 times in a second, enable us to 
ascertain tbe absolute and relative duration of the oscillations 
during the flight of diflereut Hpeaiea of birds. 

We find from this figure, that the frequency and amplitude 
of the vertical oscillations vary much according to the species 
of the bird. In order to ascertain the cause of each of these 
itiDvements with greater accuracy, let ub regiHter at the same 
time the vertical oaaillations of the bird, and the action of the 
muscles of the wing. If we make this double experiment on 
two birds which differ much in tlieir manner of flight, such 
as the wild duck and the buzzard, we obtain the tracings 
represented in fig. 114. 

The duck (upper line) presents at each elevation of its 
wing two energetic oscillations ; tha,t at b, at the moment when 
the wing is lowered, is easy to be understood, as well as that 
at a, at the moment that the wing begins to rise again. To 
explain the ascent of the bird during the time of the elevation 
of the wing, it seems indispensable to refer to the effect of 
the child's kit«, to which we have before alluded. The bird 
haviog acquired a certain velocity, presents its wings to the 
air as inclined planes; an effect is immediately produoed, 
similar to the ascent of the hovering apparatus which trans- 
form their acquired velocity into ascensional force. The 
flight of the buzzard shows also, hut in a less degree, the 
ascent which accompanies the upward movement of the 
wing. 

Di'Uriiiiiialion of variat'ioiit in the rapidity of flight — 'I'lie 
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question which wu liave to eolve rolatcK to the dec 
of the varioits phases in the mpidity of flight. 
:ggfffatmmye ita eolution by the employment of the sa 
method. If the drum, loaded with a piece of lead, be plao 
on the back of the bird so as to present its membrane in 
vertical plane — that is. at right angles to the direction of fligi 
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the apparatus would be insensible to vertical oBciUationB, and I 
would only give the signal of those which are made backwarda " 
and forwards. Let us turn the membrane of the drum in 
front ; it is evident that if the bird quiofeens its speed, the 
retarding influence of the inertia of the mass of lead will 
produce a pressure on the membrane of tho drum ; the air , 
will be comi)reHHed, and tlie registering lever will rise; while ^ 
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tlie slackening of the bird's speed will cause a descent of the 
lever by an invsTBe action. 

Experiments tried upon the species of birds before men- 
tioned, have furnished us with tracings analogous with those 
of the vertical oscillations. 

If it be true, as we have supposed, that the vertical 
oscillation of the bird, at the moment of the ascent of the 
wing, is due to the transformation of speed into elevation, 
we shall have the means of verifying this supposition, by 
collecting simultaneously the traoinga of the vertical oscilla- 
tions and those of the variations of rapidity. 

Thus, by registering at the same time the two orders of 
oscillation in the Sight of a buzzard, we find that the phase 
of depressioB of the wing produces at the same time the 
elevation of the bird and the acceleration of its horizontal 
swifhiesa. This effect is the natural consequence of the 
inclination of the plane of the wing at the moment of its 
descent ; this we already know &om having obtained it in the 
flight of the insect. As to the elevation of the wing, it is 
fotmd that during the slight ascent which accompanies it, the 
swiftness of the bird diminishes. In fact, the curve of the 
variations of rapidity is depressed at the moment when the 
bird rises. This is, therefore, a confirmation of the theory 
which we have propounded concerning the transformation of 
the horiEontal rapidity of the bird into ascensional force. 
Thus by this mechanism, the stroke of the descending wing 
pt'odaces the force which will cause the two oscillations of the 
bird in the vertical plane. It produces directly the ascent 
which is synchronous with it, and indirectly prepares the 
second vertical oscillation of the bird by creating rapidity. 

Simultaneoits tracing of the two orden of ike oicillations of the 
bird. — Instead of representing separately the two kinds of 
oscillation executed by the bird as it flies, it is more instruc- 
tive to seek to obtain a single curve representing together the 
movements which the body of the bird makes as it advances 
in space. 

The method which we have em,ployed to obtain the move- 
ments of the point of the wing may, with certain modifica- 
tions, furoieh the simultaneous tracing of the two orders of 



270 



ANIMAL MECHANISM. 



movement wliidi we wish to investigate. For this pnrpose, the 
two drums combined reotangularlj' must be connected with the 
same inert mau. 

Let ua refer to fig. 07 (p. 237), where we see the two 
leveTs connected togetliej and communicating with each other 
by tubea, which transmit to one all the movements executed 
by the other, Wlien we give the first lover any kind of 
movement, we eee it reproduced by the second lever in the 
same direction. 

Now, let each of the»e levers be loaded with a piece of lead, 
and taking jn our hand the support of the apparatus, let bs 
cause it to describe any kind of movement in a plane perpen- 
dicular to the direction of the lever. We shall see that the 
lever No. 2 executes movements of exactly an opposite kind. 
In fact, since the motive force which acts on the membrane of 
the drums is nothing more than the inertia of the moss of 
lead, and the movements of this mass are always later than 
those given to the apparatus, it is clear that if we raise 
the whole system, the mass will keep the lever down, while 
if we lower the instrument the mass will retain the lever 
above ; that if we carry it forward, the inertia will keep the 
lever back, Ac. 'i'berefore, the lever No. 2, only going 
through the same movements as No. 1, will give curves which 
will be absolutely opposed to the movement which has been 
given to the stand of the apparatus. This being assumed, let 
us pass to the experiment ; for this, let us employ the 
apparatus represented ia fig. 99 on the back of the buKzaid 
as it files ; let us remove the rod which received the movements 
of the wing, as well as the parallelogram which transmitted 
thorn to the lever; we will only retain the lever fastened to 
the two drums, and the contrivance which fixes the whole 
instrument on the bock of the buzzard ; lastly, let ue adapt a 
piece of lead to this lever, and let the bird fly. The tracing 
procured is represented in fig, 115. The analysis of this 
curve is at first sight extremely difificult; we hope, however, 
to succeed in showing its signification. 

Analysii of the curve Hhintrating tlit o»cillatw)is of the bird. — 
This curve is described on tlia cylinder in the same manner as 
iu fig, 100, which shows the different movements of the point 
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two Twtloal oeoillationa of the bird, the greater and the 
less, mnst thiu be represented hy two curves, of which 
the summit will be [ilaced downwards. It is easy to recognifle 
their existence in the large curve, a b c, and the smaller one 
c d t. The bird wbb, therefore, rising from a Ui b, descending 
from 6 to c ; it rose again from c la d, and deecended from 
dtot. 

But these two oscillations encroach on each other, which 
produces the loop c d ; the on^illation e d f partly covers the 
first by turning towards the head of the bird. Biuce the 
indications of the curve ore In a direotiua contrary to the real 
motion, this is a proof that the bird, at this moment, was 
eitlier carried backwards, or at least slackened the rapidity of 
its flight. 

This figure, therefore, reoalle all that the former experiments 
have taught us cotiueming the movements of the bird in 
space, We see from them, that at each revolution of its wing 
it rises twioe, followed by two descents; that these oscillations 
are unequal : the larger one, as we know, corresponds with the 
lowering of the wing, the smoJler one with its elevation. We 
see, also, that the ascent of th« bird, while the wing is rising, 
is aoDompauied by the slackening of its speed, which justifies 
the theory that this re-asoent is made at the expense of the 
velocity acquired by the bird. 

But this is not all; fig. 11£ shows us, also, that the move- 
ments of the bird are not the same at the oommeneemeat as 
at the end of its flight. We have already seen (figs. 95 and 
100) that the strokes of the wing at its departure are more 
extended; we see here that the oscillations produced at its 
departure by the descent of the wing (shown at the left hand 
of the figure) are also more extended. But theory enables us 
to foresee tliat the oscillation cf the ascent of the wing, being 
produced by the velocity of the bird, must be very feeble at 
the commeuoement of its flight, when tlio bird has, as yet, hut 
little rapidity. This figure shows us that this is actually the 
case, and that at the beginning of the flight, the eecond 
oscillation of the wing (that which forms tiie loop) 
slight. 

We ai-e now, therefore, in possession of the prinoii 
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notions on which may be established the mechanical Jjieory of 
flifrht. ■ 

From all these experiments we may deduce that it is 
during the descent of the wing that the hird acquires aU the 
motive force vhich sustains and directs it in space. 

Theory of the flight of the bird. — On this eubjecfc, as on 
almost all those that belong to this discussion, nearly every- 
thing has been already said ; so that we must not expect to 
find an entirely new theory arise from the experiments which 
have been described. In the works of BoreUi we find the 
first correct idea of the mechanism of ilifrht.' The wing, 
says this writer, acts on the air like a. wedge. Developing 
atill farther the thought of the learned Neapolitan physiologist, 
we sboidd now say that the wing of the bird acts on tlie air 
after the manner of an inclined plane, in order to produce a 
re-action against this resistance which impels the body of the 
bird upward and forward. This theory, confirmed by Strauss- 
Durkheim, has been oompleted by Liois, who noticed the 
double action of the wing ; first, that which in tlie phase of* 
depression of this organ, raisea the bird and gives it an im' 
pnUe iu a forward direction ; then, the action of the ascending 
wing, which is guided in the same manner as a boy's kite, 
and sustains the body of the bird until the following stroke 
of the wing. 

We have been reproached for relying on a theory ■which 
had its origin more than two centuries ago; we much prefer 
an old truth to the most modern error ; therefore we must be 
allowed to render to the genius of Borelli the justice whicli 
is due to him, and only claim for ourselves the merit of having 
furnished the experimental demonstration of a truth already 
euspocted. 

Hut the theories which had been propounded up to the 
present time neglected many important parts which experi- 
ments reveal, and which wo are about lo oudoavour to bring 
clearly forward. 

Thus, the manner in which the change in the plane of the 
wing is efiected in every part of the flight was necessary to 
bo known, in order to explain the re-actiona which tend 
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always to sustain the body of the bird, sometiines by acceler- 
ating the rapidity of its flight, sometimes by slackening it.* 
Fig. Ill shows this change of plane. 

As to the re-actions to which the body of the bird is sub- 
jected, experiment has clearly demonstrated them ; it has 
furnished us with the means of estimating their absolute force. 
We have seen that these re-actions differ according to the 
species of bird which is observed. They are powerful and 
sudden in birds which have a small surface of wing ; longer 
and more gentle in birds formed for hovering ; the re-action 
of the period of the re-ascent of the wing disappears almost 
entirely in the latter kind. 

If we could compare terrestrial locomotion with the flight 
of birds, and assimilate alternate with simultaneous move- 
ments, we might And certain analogies between the walk 
of man and the flight of the bird. In both, the body is 
urged forward by an intermittent impulse ; man, like the 
bird, raises himself by borrowing the necessary work from 
the dynamic energy which he has acquired by his muscular 
efforts. 

As to the estimation of the work expended in flight, we 
must, before we can undertake it, have a perfect knowledge 
of the resistance which the air presents to surfaces of every 
form, inclined at different angles, and possessing varied velo- 
cities. We only know as yet the movements of the wings ; 

* We ought to beg the reader to remark that the inclinations repre- 
sented in fig. Ill are referred to a line which probably is not horizontal 
during flight. In fact, this line does not correspond with the axis of the 
body of the bird, for it was suspended in the apparatus by a corset placed 
behind its wings, and thus had its centre of gravity in front of the point 
of suspension, which caused its beak to hang slightly down. In free 
flight, on the contrary, the axis of the bird is horizontal— or rather turned 
somewhat upward. Bestored to this proper position, a fresh direction 
would be given to each of the positions of the wing (fig. Ill), which 
would alter them all by the same number of degrees. Then, probably, 
we should see that the wing always presents its lower surface to the air, 
as the only one which can find in it a point of resistance. This supposi- 
tion requires for its verification some fresh experiments, which we hope to 
be soon able to make. 



TnEOIlT OP FLIGHT. 

the resiatance which, they meet with in the air has yet to be 
determiaed. Our esperimeats on. this subject are still being 
pursued. Whea once we have t3ieae two elements, the mea- 
Bure of work will be obtained from the resiatance which is 
presented to the wing by the air at every instant, mtJtiplied 
by the diatanco passed over. This will give U3 the measure 
of work brought to bear upon* the air. 

For its horizontal advance the bird will he obliged only to 
furnish the quantity of work equivalent to the resiatance 
presented by the air in front of it, midtiplied by the distance 
passed through. A part of this resistance, namely, that 
which is applied to the lower surface of the wing, is utilised 
to sustain the bird, by the kind of action which we have com- 
pared to that of a child's kite. 

It appears that this action is of primary importance in the 
flight of the bird. In fact, among the researches on the 
resistance of the air there is one which we owe to Mons. de 
Louvrie, which seems to prove that if the wing make a veiy 
email angle with the horizon, nearly all the work obtained 
from the dynamic energy of the bird is employed to sustain 
it ; according to this writer, an angle of 6° 30' would be the 
most favourable to the utilisation of its energy. The im- 
portant part played by the gliding of the wing upon the air 
seoins also proved by the shape of that organ. The wing 
being alternately active when it strikes the air, and passive 
wheu it glides through it, is not, in all its parts, equally 
adapted to this double function. 

When a surface atrikes the air, it must move with rapidity 
in order to find resistance. Thus the wing, turning around 
the point by which it is attached to the body, shows unequal 
and graduidly-inoreafiing velocity in difl'erent points according 
as they are nearer to the body, so that being almost nothing 
at the point of attachment of the wing, the velocity will be 
very great at the free end. 

Let us imagine the wing of aa insect as large at the Ifase 
as at the extremity; this size would be useless in the part 
nearest to the body, for the wing, at this point, has not suffi- 
cient rapidity to strike the air with eflbct. Thus we find, in 
the greater part of Insects, the wing reduced to a strong 
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nervure towards its base. The membranous part commences 
only at the point where rapidity of movement begins to be 
of some use, and the membrane goes on increasing in breadth 
till near the extremity of the wing. Such is (fig. 116) the 
type of the wing essentially active — that is, intended only to 
strike the air. 




Fio. 116. —Wing of an insect. 

In the bird, on the contrary, one of the phases of the 
movement of the wing is, to a certain extent, passive ; that 
is to say, it receives the pressure of the air on its lower sur- 
face, when the bird is projected rapidly forward by its 
acquired velocity. Under these conditions, the whole bird 
being carried forward into space, all the parts of the wing 
are moved with the same rapidity ; the regions near to the 
body are as useful as the others to take advantage of the 
notion of the air which presses on them as on a kite. 




Fio. 117.— Active and passive parts of the bird's wing. 

Thus, the base of the wing in the bird, far from being re- 
duced, as in the insect, to a rigid but bare rib, is very wide, 
and furnished with, feathers and wing coverts which constitute 
a laf ge surface, under which the air presses with force, and 
in a manner very efficacious to sustain the bird. Fig. 117 
gives an idea of the arrangement of the wing of the bird, at 
the same time active and passive. 

The inner part, deprived of sufficient velocity, may be 
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considered, while it is being lowered, as Uie paasiye part of the 
organ, while the external part, that which strikes the air, is 
the active portion. 

By its very great velocity, the point of the wing must meet 
with more resistance from the air than any other part of this 
organ ; whence the extreme rigidity of the large feathers of 
which it is formed. 

The conditions of decreasing rapidity explain the flexibility 
which becomes greater and greater in the feathers of those 
parte of the wing nearer to the body, and at last the great 
thinness of those at the base or passive part of the wing. 

Let us add that the effect of the kite must be produced at 
the base of the wing, even wliile the point strikes the air, 80 
that the bird, as soon as it has acquired its velocity, would 
be constantly lightened of part of its weight, on account of 
this inclined plane. 

The reproduction of the mechanism of flight now occupies the 
minde of many experimenters, and we hesitate not to own 
that we have been sustained in this laborious analysis of the 
different acts in the flight of the bird, by the assured hope of 
being able to imitate, more or less imperfectly, thia admirable 
type of aerial locomotion. We have already met with some 
success in our attempts, which have been interrupted daring 
the last two years. 

Winged apparatus has been seen in our laboratory, which 

when adapted to the frame-work which had held the bird, 

gave it a rather rapid rotation. But this was only « very 

imperfect imitation, which we hope shortly to improve. 

Already a young and ingenioas experimentalist, Mons. 

Alphonse Penaud, has obtained much more satisfactory results 

in this direction. The problem of aerial locomotion, formerly 

considered a Utopian scheme, is now approached in a truly 

scientific maaner. 

^ The plan of the experiments io be made is all traced out : 

Vthey will consist in coutinually comparing the artificial instru- 

F-ments of flight with the real bird, by submitting them both 

to the modes of analysis which we have described at such 

length ; the apparatus will, from time to time, be modifled 

till it is made 'to imitate thesa movements faithfully. Fee 
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this purpose we are about to undertake a new series of ex- 
periments; some new apparatus is being constructed, which 
will soon be finished. 

We hope that we have proved to the reader that nothing 
is impossible in the analysis of the movements connected with 
the £^ght of the bird : he will no doubt be willing to allow 
that mechanism can always reproduce a movement, the nature 
of which has been dearly defined. 
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— of trot of horse, 168 

— of gallop, ditto, 166, 171 
Regnaulfs equivalent of heat, 15 
Ressource of oirds, 220 
Reymond, du Bois, on muscular 

shocks, 50 
Rhythm of paces, 138 
Running (man), 125 



8. 



Selection, natural, 81 

8hoe, experiments^, 113 

Skeleton, action of aneurism on, 87 

— variability of, 85 

— change ot course and at- 

tachment of 
muscles, 89 

— ... in, transmitted 

to descendants, 
94 

— hollows worn by tendons 

in, 86 
Snail, movements of, 105 
Stepcurves, 127 

— of horse's trot, 163 

— — gallop, 165 

— — walk, 160 
Stimulus of necessity, 83 
Synthetic reproduction of move- 
ments in man, 137 

— — in horse, 177 



T. . 

Temperature of animals, 23 
Tetanus, muscular, 46 

— from strychnine, 46 

— heat developed in, 49 

— Volta and Weber on ner- 

vous, 45 
Thermo-dynamics, 14 
Torpedo, experiments on, 52 

— lost time in, 66 
Tracings, see Table of Illustrations. 

— of walking pace (man), 

115 

— of running (man), 128 

— of^lop(man), 131 

• — of hopping (man), 132 

— of leaping (man), 131 

-— of movements of insect*8 
wing, 190 et seq, 

— of action of pectoral mus- 

cles of birds, 232 

— of flight of wild duck, buz- 

zard, &c., 266 

— of Wheatstone's rod with 

wing of wasp attached, 
191 

— of humming-bird moth, 

191 

— compared with vibrations 

ofchronograph, 121 
Traction, effects of, on skeleton, 

89 
Traiectory of pubis, 119 

— of bird's wing, 234-240 
Transitions in paces of horse, 174 



U. 



Unit of heat, 13 
— of work, 14 



V. 



Veratrine, muscle under, 85 , 

Villeneuve, Dr., on birds' wings, 223 
Vincent and Goiffon on horse, 151 
Volta and Weber on nervous te- 
tanus, 45 



INDEX. 
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Walking (man), 111 

— (horse), 142 
Wing (bird's) 

— action, downward and back- 

ward at each stroke, 235 

— active and passive parts of, 

276 

— ascent of, like action of boy's 

kite, 273 

— analogy to human arm, 211 

— at each revolution of, bird 

rises twice, 272 

— change of plane in, 244, 

257 

— compared to screw, 211 

— curves in, 210 

— depression of, elevates and 

carries forward the body, 
269 

— descent of, gives all motive 

force, 273 

— duration of elevation and 

depression of, 228 

— frequency of strokes of, 227 

— Haitings on, 223 

— instrument to show change 

in plane of, 258 

— inclination of, changes gra- 

dually, 263 

— M. de Lucy on, 222 

— Louvri^, M. de, on angle of 

piano of bird's wing, 275 

— movements of, 226 

— ratio to weight, 222, 225 



Wing 



Wing 



Work, 



(birds' ) — contimted. 

re-action of movements of, 

on body, 264 
— — of wild duck, 
&c., 267 

trajectory of pigeon's, 255 
(insects') 

act as inclined planes, 200 

artificial representation of, 
198 

causes of movement of, 196 

changes in plane of, 190-204 

figure -of-8 movement of, 195 

flexible membrane of, 208 

flight instnmient, illustrat- 
ing, 206 

frequency of movement of, 
181-185 

moves downward and for- 
ward, 197 

movements of, determined 
optically, 187 

propulsion of, from below 
upward and forward, 204 

shape of, 276 

structure of, 196 

trajectory of (Dr. Pettigrew), 
201 

mechanical, 60 

unit of, 16 



Z. 



Zootrope, 137 

Zuckung, shock of muscles, 30 



THE END. 
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Tyndall's Forms of Water. 
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•' In the vclume now publi^cd, PmlcESOF Tynilall hu preseoled a noble illiiiiiBdDn 
of the urutetiess and snbtlcly of his inteUectual powers, the scope Hud iDsightof bit 
sd4:nli1k visiop, his Bingukr cominaDd of the sppruphatc languAgc of expontion, and 
the pecutlar vivacity md gmcc with which he unlblda the Te«ii1tsoF ibttkate adenttfic 
research."— A". 1'. Triiuii. 

" The ' Forms of Water,' by Piofeasot Tyndall, is as intemting and instructive 
tittle volume, adoiinihly pfibted atid dluslrated. Prepared expressly for this series, it 

vealigHtioni of the best scienli£c minds."— fsifon Jaarsal. 

"This series is admirably comnienced by tliis httle vdnrne from the pen of Pro C 

ccptionofall the wcodiDUstransfcbTmatioiu to whidi water is subjected." — Charirhman. 
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Bagehot's Physics and Politics. 

1 vol., l2mo. Price, $1.50. 
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"Ur. Bagehot's style 11 clear and tiguroiu. We refrain &Dm giving a fiiUer ac- 
nint of these su^estive eiaays, only because we are sure that our readers will lind it 
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III. 

Foods. 

By Dr. EDWARD SMITH. 
I YoL, i2mo. Qoth. Illustrated. Price, $1.75. 

In making up Ths Intbrnatiokal SoBNTinc Series, Dr. Edwaxtl Smith was se- 
lected as the ablest man in England to treat the important subject of Foods. His services 
were secured for the undertaking, and the little treatise he has produced shows that the 
choice of a writer on this subject was most fortunate, as the book is unquestionably the 
clearest and best-digested compeod of the Science of Foods that has appeared in our. 
language. 

" The book contains a series of diagrams, dispkmng the efiRxts of sleep and meals 
<m pulsation and respiradon, and of various kinds of food on respiration, which, as the 
results of Dr. Smith s own experiments, possess a very high value. We have not fax 
to go in this work for occasions of fisivorable criticism ; thev occur diroughout, but are 
perhaps most apparent in those parts of the subject with which Dr. Smith's name is es- 
pecially Vaikit^— London Examiner. 

" The union of scientific and popular treatment in the composition of this work w3] 
afford an attraction to many readers who would have been indinerent to purely dieoreti- 
cal details. . . . Still his work abounds in information, much of which is of great value, 
and a part of which could not easily be obtained from other sources. Its interest is de? 
cidedly enhanced for students who demand both clearness and exactness of statement, 
by the profusion of well-executed woodcuts, diagrams, and tables, which accompany th^ 
volume. . . . The suggestions of the author on the use of tea and cofifee, and of the va« 
rious forms of alcohol, sdthough perhs^ not stricdy of a novel character, are highly in* 
strucdve, and form an interesting portion of the volume."— JV. K Tri^$me» 



IV. 

Body and Mind* 

THE THEORIES OF THEIR RELATION. 

By ALEXANDER BAIN, LL. D. 

I vol., i2mo. Cloth Price, $1.50. 

Professor Bain is the author of two wdl-known standard works upon die Science 

of Mind—" The Senses and the Intellect," and " The Emodons and the Will" He is 

one of the highest living authorides in the school which holds that there can be no sound 

or valid psychology unless the mind and die body are studied, as they exist, together. 

** It contains a forcible statement of the connecdon between mind and body, study- 
ing their subtile interworkings by the light of die most recent physiological investiga- 
tions. The summary- in Chapter V., of the investigations of Dr. Lionel Beale of the 
embodiment of the intellectiial functions in the cerebral system, will be found the 
freshest and most interesting part of his book. Prof. Bain's own theory of the connec- 
tion between the mental and the bodily part in man is stated by himself to be as follows : 
There is ' one substance, with two sets of properties, two sides, the physical and the 
mental— a douile-yaced unity * ^ While, in the strongest manner, asserting the union 
of mind with brain, he yet denies ' the association of union in place ^ but asserts the 
union of close succession in time/ holding that ' the same being is, bv alternate fits, un- 
der extended and under unextended consciousness." ' — Christian Register. 

D. APPLETON & CO., Publishers, 549 & 551 Broadway, N. Y. 
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By HERBERT SPENCER. 

I vol., lamo. Clolh Price, Si. Jo. 
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" Herbert Spencer is unqueBEiaDablF the fDremosI living thinkerin the psychDltrgical 

and Bodological Hdds, and tiiis volume b an imtxinaiit camnbuiion id the science at 

well wof^ thinking abouL" — Albany 



The New Chemistry. 

By JOSIAII P. COOKE, Jr., 
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L, l2mo. Cloth Pri 
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Responsibility in Mental Disease. 

By HENRY MAUDSLEY, M. D., 

Fellou. of Ihf Royal CoUcgc uf Physician? ; Profcssot of Medical Jurbpiudence 

in University College, LondoD' 
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THE GREAT ICE AGE, 

AND ITS RELATIONS TO THE ANTIQUITY OF MAN. 
By JAMES CEIKIE, F. R. S. E. 

With M*pB, Chsru, unci numerous I 

t vol., thick lamo. . . . Price, $1.50. 



OPINIONS OP THE PKESS. 

'• ImclligeDI (enenl reader), u well u itudenu ni geolonr. *il[ find o 
mBiinn and rbudfiable ■pecuUbon concemiug ihe pnl gUciol epoch of avr gJobe in 
Itiu volkime ttnn tan be guthercd tram a tcoro of olher Bourcb. Tbc author wriifl 

■By doe lifled wilh curioiily in reipecl U Ihi ulur 
llghied widi ih< cleu antgnieau Mid unpla illuitn 
Att.——E/utifa! KifiiHr. 

"■TheCnJil lc« Aj{(' iii vorkoruclnordlnuv intcK 
b ptculliriy umctiTt in the Jninenaily of iu •tapt, ind exe 
imagiiuf iun » atworbing Ihikl le can KuceLy find GKpreaiLEin in word*, ll hja alt ihe 
charRii aC wgndEC-Dlci, and cicilei Kieatific nod uuKienlific miodi alike," — MtiMt 
GaHllr. 

" Mt. CeQiie hu iiKcegded In wn6af one et Ihe aiMt chinuing voluma b Ihi 

'•WeeMnDtioohennilycDBUBeml the iiylc of lliii book, which i< tcientifie Bsd yot 
populaf. andyel fwt to popular ai to diipcnte wilh th*neceBilyofthttmder*«pullinB 

•ubjeei M i> tho«n in oyery page by Ihe tainted author."— r«Tii»,^ Fna. 

•• Allhougb Mr. Gcikie'i poiiijon in the icienlilic world i> luch u to indicsie Aal 
be ii ■ prelly lafe leacha, uue of hu yiawi ore decideifly otiginal, and lie doe* net 
moke a ptrint oriikking to the beaten path."— S/rni^j&M (/■»■. 

"Prof. Cdkie'i book ii me thai may well engage thoughtful itudenti other tbgn 
ecalogiiti, beating a> 11 doei an Ihe ab»rbinE queilion of the unwiitlen hiilDty of out 
lace. The cloung chapter of hil work, in which, reriewMg hii anaiytical method, he 
conilruca the (loiy of the checkered put of the lut «iD,<]aa yean, can icarcely fail ID 
give fiHid lor thought even la the indifferent. "—fli.jni& Cniriir. 

" Every itep in the proeeu i> traced with admiiable penpiculiy and fulhieit by 
Mi. Geikie."— £nw&a SalurJay Rnricvr, 

"ItoSera to the iludenl of geology by far the coffipleteil account of the period yet 
publiihed. and ii eharacteriied throughout by rotteihing vigor of diction and originality 
of Ibongbl."— CAu^w Htratd. 
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^H "A rich list of fruitful topics." 


^^B * Boston Common- wealth. 


HEALTH AND EDUCATION, 


By the Rev. -CHARLES KINGSLEY, F. L. S., F. G. S., 


CAUON OF iySSTMINSTER. 


^B i2mo. aolh Price, ¥l.7S- 




KinE>l=y. and he has shown bimsdt such in =v«y thing he has «-rit.c3., from ■ Alion 


Loeke' and ■VLUaEeSerinoiH.'aqnarlnorscenturyance, lo lie presEntYrimm, which 


is DQ exception. Mere are Rfleen Essays and Lccnues, ucdLcnt and interesting iti 




and style, and snme of them blendmE mostvaluBble iMlmciiDn with enienainmeot 


u few living writen ta]i."—Har(fi,rd Pail. 


■■That the dtle of tW» book is not upreitln of it> actual contents, is made mani- 


fcit by a mere glance at its pages ; it is, in fiict, a collection of Essays and Lectures, 




cannot be other-ise than readable, and no intelligent mind needs to be assured that 


Charles Kicgiley is fascinating, whethei he mats of Gothic ATchileclure, Natural 


HUlgry, or the Education of Women. The lecture on Thrift, which was in.ended for 


Iho women of England, may be read urilh profit and pleasure by the women of 


everywhere."— 5(. LouU Dtmxrat. 


" The book contams exactly what every ono needs to know, and in a fonn wUdi 


every one can undeistand."— Joi/on Js-anaL 


" This volume no doubt contains his best thoughts on aU the toosl important tofia 


of the daf."—Derroil Post. 


"Nothing could be better or more entanaininB for the family library."— ^wjt'i 


" For the style alone, and for the vivid pictures tequenlly presented, this hUrst 


production of Mr, Kingsiey commends itself (o readers. The topics treated are 




Wheihcr discussing the abstract science of health, the subject of ventilation, the 


education of the diflerent dasses that fonn English society, natutal hismty, geology, 


neioic aspuaoon, supcrsnaous lears, or personal commnmcatton witn tNature, we 
find ihe same freshness of treatment, and the same eloquence and affluence of language 


thai distinguish the ptoductians in other fields o( this gifted author."— Aufsn Gaalli. 


D. APPLETON & CO., Publishers, 


^H 549 &■ 551 Broadway, N. Y. 



"Ah JnUresting, a TrHthful, and a Wholesome Book!' 
LoNDOM Athes-.«lx. 



WILKES, SHERIDAN, FOX. 

The Opposition under George the Th 
By W. F. RAE. 
Svo. Cloth. Price, $3.00. 



" A book which embracM vigorous Bketches of three famous 
like John Wilkes, Richard Brinstey Sheridan, and Charles James 
is Iruly worlh hitving. The author is in evident sympathy with all 
of his subjects, and yet does not in either case betray on undue partial- 
ity. Although in no instance condoning the private vices and personal 
shortcomings of the characters he has to deal with, he does not allow 
their bulls to influence his estimate of the virtues, the talents, and the 
public services, which entitle each of these celebrated men to the admi- 
ration and gratitude of their country. " — Chicago Tribune. 

' "The volume is intereititig to Americans particularly, as it speaks 
of men who represented largely English sentiments during our struggle 
for independence) and the opposition of Fox lo war in this country, as 
represented in these pages, shows out clearly the love of liberty which 
filled the minds of this man and his worthy colleagues Wilkes and Sheri- 
dan at that time." — Albany Ex/resi. 

"All who relish a fine portrayal of good sayings, courageous acta, 
and laudable endeavor, will want to see this work," — Boston ComiHOH- 
tutallA. 

" The reading public owe a debt of gratitude lo Mr. Rae for 
ing the acts and deeds of this triple combination of political giants. 
PhUaHtlphia Agt. 

" Tlie work bears the marks of care, and reflects credit upon 
Rae in giving new attraction to old subjects so desirable to students 
biographical history." — Pittsburg Commercial. 

" We not only agree with Mr. Rae's conclusions, but we are grate- 
fal to him for an interesting, a truthful, and a wholesome book." — 
London Athmaum. 
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THE EXPANSE OF HEAVEN; 

A Series of Essays on t}it Wonders of l/te Firmament. 

By R. A. PROCTOR, B. A. 

I voL, lamo. Clolh Price, $2.00. 



"It is Mr. Proctor's E°f«Jf<"'tnne that itol only is 



of llie great- 



est of living aatronomers, but that he has a power of imparting knowl- 
edge that is not equaled by an; living astronomer. His style is as 
lucid as Che light with which he deals so largely, and the pliiinest of 



ge!y, a 

: ease, and comprehend all 
discussed by mortal inlellt- 



readers can go along with him with e 
that he soys on the grandest subject e 

gence. Most scientific writers either cannot or wiu noi so use ine pen 
as to mitke themselves understood by the many; not so with Mr. 
Proctor : he both can and does so write as to command the attention of 
the million, and this too without in the least derogating from the real 
dignity of his sublime theme. Few of us can stut^ a.itrunomy, bccnnse 
that implies a concentrated devotion to an inexhaustible matter, but 
we all can read astronomical works lo our great advantage if astrono- 
mers who write will but write plainly; and in that way, without having 
the slightest claim to be spoken of as "scienlisis," we can acquire no 
ordinary amount of knowledge concerning things that are of the loftiest 
nature, and the effect of which must be to elevate the mind. Such>8 
book as ' The Expanse of Heaven ' cannot fail to be of immense use 
in forwarding the work of education even when it is read only for 
aifiusement, so forcible is the impression it makes on the mind from 
the importance of the subjects treated of^ while the manner of treat- 
ment is so good." — Boslen Traveller. 

" Since the appearance of Ennis's book on 'The Origin of the 
Stars,' we have not rend a more attractive work on astronomy than 
this. It is learned enough to be instructive, and tight enough to be 
very entertaining. " — Alta California. 

" It reads like a work of Action, so smooth and consecutive is tt ; 
but it inspires the worthiest thoughts and the highest aspirations." — 
Bsslon Ctmmontttiallh. 

" Perfectly adapted to Iheir purposes, namely, to awaken a love for 
science, and at the same time lo convey, in a pleasant manner, some 
elementary facts." — Cktirch Herald. 

"This is not a technically scientiRc work, but an eipression of a 
true scholar's conception of the vastness and grandeur of the heavens. 
There is no. dry detail, but blended with the scholar's discoveries are 
the poet's thoughts, and a true recognition of the Almighty's power." 
—Trof Times. 

D. APPLETQN & CO., Ptibliskers. 

549 & 551 BttOADwAV, N. Y. 




PRINCIPLES 



MENTAL PHYSIOLOGY, 



Their ApflicAtioni to tki Training and Dhriflim of ike Mind, and 
the Stuify B/iU Morbid Ctndiliem. 

Bjr WILLIAM CARPENTER, M. D., LL.D. ^H 

I vol., tamo. 737 pa^s. Price, $3.00. ^^H 

" Dr. Cirpenler baa won hU reputation as a physiologist, largely 
ftam the clearness of his expositions, and the present work shows that 
his capacity in this respect is itill vigorous. lis most scientific parti 
aie attractive reading, and the extensive array of personal jnitonces 
and incidents, which illustrate his position!, give) great fescination to 
the volume. 

" It ii o hard book to lay down when once entered upon, and Dr. 
Carpenter may be congratulated upon having contributed bo fresh a 
book upon such an important lubject." — Popular Seience Monthly. 

" Is a profound and learned work, which goes to the very bottom of 
the problems of Life and Eternity." — Bestm Commomoealth, 

"The work is probably th« ablest cuposition of the subject which 
has been given to the world, and goes far to establish d new system of 
mcnt.-il pliilosophy upon a much broader and more substantial basis 
than it has heretofore stood." — St. Louis Drmaerat. 

"The work is a revision and e«pansion of the author's well-known 
work bearing the same name, published over twenty years ago, stnd 
so popular as to reach half adoien editions." — Cincinnati Gautte, < 

D. APPLETON &. CO., Publishers, 
549 & SS' Broadway, 1 



DESCRIPTIVE SOCIOLOGY. 



Mft. Hf.mniT Sfehcoi haii been for Beverol years exigagcd, with the aid ol 
three eduuuted gentlemen in hia emploj, in collectiiig and organizing tho fiLL-U 
eonoanuDgaU orders of liuman societies, wliich must constitute tlie dnta of • true 
Social Science. He tabulatca these faela so as cotiTCiii*ntij to admit of ex- 
tentiTe compariaoii. and gives tlic autliorities separate!;. He divides (he racu 
ofnunhind inCa three great groups; the savage races, the eiisting civiti;utioii3, 
and the eitiocC civilizations, and to each he devotes a seriefl of works. The 
first inatallnient, 

THE SOCIOLOGICAL HISTORY OF ENGLAND, 

in seven continuous tables, folio, witli seventy pages of verifying teit, is now 
ready. This work will be a perfect CyclojMBdia of tho facta of Social Scieno^ 
independent of all theones, and nill be invaluablo to all interested in social 
problems. Price, five dollars. This great work ia spoken of as foltows : 

fVoin CAi Britith Quarlerli/ finleu. 
"No words are needed to ludlcale Uie ImmeDse laborhere bestowed, oi (lis giiial 
■octalngtcal bencHt wbich such a masa of tabulated matter done under such compstimt 
dliecOoD will confer. The work will conedtute on epocb !n the sclance of camparatlTS 
Bodologj." 

F^wi the Saturdaff Sevlew. 
"The plan of tho ■DeecrlpllveSDClotoi^'U new.aad lbs task i« one smlnenllyDtted 
to bedealt wlttibyMr. Herbert Spencflr'sfScnUy of iclcntiac organizing. Hts object la 
Ifl eiamine the natntal taws which eove"" 0" development of Boc[etfB«, as he has ex- 
amined In rnrmei parts of hie Bysteoi tliotu> whi ch govern (he development of Indlvlilaal 
Ufa. Now. It ia ohyloDs that the development of sodDtles can be eluded oslj tn theli 
hlBtorr. and thai general cnQclnslons which eliall hold good beyond Uie Umlta of parlkn- 
lar Bocleliea cannot be safidy drawn eicopt from a very wide range of flicts. Mr. Spen- 
cer has therefore conceived the plan of makliig a proUmluary collection, or perhaps we 
•honldnther aayibstracl, of nulerlale which when complete will bo a classlded ept 
tome ofnntva sal history." 

From Oilonitm Samlrur. 

" or the Irealment. In the main, we cannot apeak too highly; and we mnet accept 

li a« a wonderftallj Bnccoseftil flret attempt to fnmlah the slailent of social edsare with 

ia 'tandlDg toward bis conclu^lone la a relation like that Id which sccoon'i o- tha 

Bs and Ibnctlona of dUIereut types of •"'•""i" stand (o the couoIdbIum (^ the 




A New Magazine for Studfflits and Ontttvated Readera. 



POPULAR SCIENCE MONTHLY, 



Frotassor K. L. YOUMA 



Tint BTowing importance of odcntific knowleilge to all classes of tbe 
community calU fur more efficicnl means of diffusiug il. The Poputai 
SciK.NCK MuNTitLV hiu bccti stutcd lo promote Ihii object, and supplier i 
wutt m«t by no oihet periodical in the United States. 

It conlaini initructive and attractive articlea, and abstracts of articlci, 
original, Mlecied, and Ulustratetl, from the leading acienlific men of dilTcr- 
ent countries, civing the Uteot inlerpretnlion* of natural phenomena ei- 
pUinlHE the applications of science to the practical arts, and to the opera- 
tioiu of doroeiiic life. 

It Is designed to give especial pruminince to thou branches of science 
which halp to a better understanitinu of the nature of man ; lo present the 
claims of scientific educallon : and the bearings of science upon quettioni 
of society and ([overnment. How the various luhjecls of current opinion 
•re affecicd by the advance of saentiAc inoutry will also be considered. 

In its literary cnuacter, this periodical aims to be popular, without be- 
ing superficial, and appeals to the intelligent reading-ciasici of the comme- 
Dity. It seeks to procure authentic statements from men wlia know the!i 
•ubjects, and who will address the non-sdenliRc public fur purposet of es- 
petition and explanation. 

It will have contributions from Hrrdkut SrENCER, Professor (lUXLEYi 
Professor TyNDAi-L, Mr. Darwin, and other writers ideniiSctI with specu- 
lative thought and icientific investigatiun. 

r//£ POFC/LAfl SClEr^CE MONTHLY ii pHbliskid iH a largt 
celavo, kandiomtly pHnttd nn litar type. Ttrms, Fivt Mlari fer antlUMt 
ar J-'i/ty Ctntiptr copy. 

OPINIONS OF THE PRESS. 

0CKI11lTj!-'-//^Z 7."™?"''' ' ° ' "''-J.'r' """ 

*' fjt "iir npinUin, the riiihi idea baa b«cn hoppilj liil in the pUo of ihk new moniLly." 
ftii counlry."— A". J'. Triiiau. 



IMPORTANT TO OLUB*. 



la Popui 
itiihcd la thu 



Rioiltiiig Twenty DollbTifor four yeBrir nilncnptiomi wiEt rrceivt id ca 
rniiB, vr live yeariy HulHcriptJDn« for %ao- 
ruLAH Sctanca hi oH-nu.v and ArnfTOH*' JouaNAL (weekly), perannuBi, (e.ui 

.luca fhould be made by ponal niDiier-ORjcT 3r check la the PithtiBhert. 

D, APPLETOW & 00., E49 & 551 BroaaTay, Hot Tort 
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